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ABSTRACT OF DISSERTATION

PURIFICATION, CHEMISTRY AND APPLICATION OF CARBON NANOTUBES

Purification, chemistry and application are three very important aspects of current
research on carbon nanotubes (CNTs). In the dissertation, the purification of nitric acid
treated single-walled carbon nanotubes (SWNTs), the dissolution and dichlorocarbene
addition of SWNTs, and the effects of chemically functionalized CNTs on neuronal
growth are discussed.

The nitric acid treated SWNTs were purified by chemical treatment, cross-flow
filtration, and centrifugation methods. The effects of nitric acid treatment on the SWNTs
and the efficiency of different purification methods was evaluated by the measurement
of purify of SWNTs via solution phase NIR. Nitric acid reflux followed with controlled pH
centrifugation can produce SWNTs with high purity. This purification mechanism was
explained by the relationship of the concentration of the acidic sites on SWNTs and the
zeta potential of SWNTs.

The dissolution of SWNTs was achieved via chemical functionalization of SWNTs
with octadecylamine (ODA). Dichlorocarbene addition to the sidewall of both ODA
functionalized and as-prepared SWNTs was investigated. ODA functionalized HiPcoSWNTs were found to have the highest functionality of dichlorocarbene. Vis-NIR
spectra of the dichlorocarbene functionalized SWNTs showed a significant decrease in
the interband transitions of the semiconducting SWNTs, which indicated that the
chemical functionalization of the sidewall of SWNTs changes the electronic properties of
SWNTs. Far-IR spectra of the dichlorocarbene functionalized SWNTs showed a
dramatic decrease in the electronic transitions at the Fermi level of metallic SWNTs,
which was opposite to the effect of ionic doping by bromine. This difference in the far-IR
spectroscopy can be used to distinguish covalent chemical functionalization and ionic
doping effects of SWNTs.

Chemically functionalized multi-walled carbon nanotubes (MWNTs) were applied as
substrates for neuronal growth. By manipulating the charge carried by functionalized
MWNTs we are able to control the outgrowth and branching pattern of neuronal
processes. Chemically functionalized water soluble SWNTs graft copolymers were used
in the modulation of outgrowth of neuronal processes. The graft copolymers were
prepared by the functionalization of SWNTs with poly-m-aminobenzene sulphonic acid
and poly-ethylene glycol.

These functionalized water soluble SWNTs were able to

increase the length of selected neuronal processes after their addition to the culturing
medium.
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Chapter One
Introduction
Background
Nanotechnology is the science that creates functional materials and devices on the
nanometer (10-9 m) scale. This length scale reaches the atomic level providing the
opportunity to explore micro and macro phenomena and properties. Carbon nanotubes
(CNTs), which were first discovered in 1991 as a by-product of fullerene production,1
represent a new class of materials. With a size that meets the nanometer scale, this
new one-dimensional carbon structure is the ideal nanomaterial. CNTs have the highest
strength2 and highest thermal conductivity3 of any material. According to the orientation
of the carbon network, CNTs can be either metals or semiconductors. These unique
electronic and mechanical properties of CNTs have stimulated intensive research to
characterize their structure and to explore their applications both by direct measurement
and through theoretical calculation.

The exploitation of CNTs in a wide range of

applications, including electronic and sensing devices, composite materials, energy
storage, nano-scale probes, and field emission devices, is one of the most important
topics in materials and physical science.
Besides the outstanding physical properties, over the past few years the chemical
properties of CNTs have also aroused an increasing interest from scientists. The
chemical functionalization is of significant importance since it can tailor the properties of
CNTs and therefore aid in the development of applications. Functionalization has been
demonstrated at the ends and sidewalls of CNTs.
CNTs have great potential; on the other hand, there are still many challenges in CNT
research. These challenges include, large-scale production of CNTs, their purification
from catalyst residues and carbonaceous impurities, the manipulation of individual tubes,
the separation by different length, diameter, and chirality into metallic and

1

semiconducting nanotubes, the control growth of CNTs with desired diameter, length,
and chirality, and the further understanding of their chemistry.
1.1 Structure and Properties of Carbon Nanotubes
Carbon, the sixth element in the periodic table, is the most versatile element in terms
of the variety of materials it may form. Each carbon atom has four electrons in its
valence shell (2s22p2) that can be used to form covalent bonds with other atoms. With
different hybridizations, carbon atoms can be arranged into materials with different
structures, such as the diamond, graphite, fullerene, and CNTs (Figure 1.1.). Diamond
and graphite are two of the most common forms in the carbon family. In diamond, the
sp3-hybridized carbon atoms are covalently bonded to four neighboring carbon atoms
and therefore have tetrahedral structure. Due to the strength of the carbon-carbon bond
and its three-dimensional structure, diamond is the hardest known material. Since there
are no free electrons in diamond, it is an electric insulator. Graphite, on the other hand,
is composed of sp2-hybridized carbon atoms. Each of these sp2-hybridized carbon
atoms is bonded to three carbon atoms, leaving one free electron in a p-π orbit. This
gives graphite a two-dimensional layer-like structure. The π electrons are delocalized
within the layers, which provides graphite with excellent thermal and electrical
conductivity. However, this kind of layered structure makes graphite very soft, because
the layers can slide in parallel direction very easily.
Other important members in the carbon family are the fullerenes that were discovered
in 1985.4 Fullerenes are closed convex cage molecules made of sp2-hybridized carbon
atoms. Each of the carbon atoms is connected to three neighboring carbon atoms to
form only pentagonal and hexagonal faces. C60, which looks like a soccer ball, is the
simplest fullerene molecule containing 12 pentagons and 10 hexagons.
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Diamond
Fullerene
(C60)

Carbon Nanotube
Graphite
Figure 1.1: Structure of diamond, graphite, C60, and carbon nanotube.
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CNTs can be regarded as giant fullerenes, with a one-dimensional tubular structure.
CNTs have a high aspect ratio and their length can be millions of times greater than
their tiny diameter. All carbon atoms in CNTs are sp2 hybridized and connected with
each other to form six member rings that uniformly cover the surface of the CNT
sidewall. Unlike graphite, there are no dangling carbon bonds in a perfect CNT. CNTs
are classified as single walled carbon nanotubes (SWNTs) and multi walled carbon
nanotubes (MWNTs) according to the number of graphene layers. The structure of
SWNTs can be described in two ways. One is to cut a fullerene in half and add belts of
carbon atoms in the breach. The other is to think of SWNTs as a two-dimensional
graphene sheet cut at various angles with respect to the hexagonal lattice that has been
wrapped up into a seamless cylinder, which is capped with fullerene hemispheres at
both ends.
SWNTs form different types, which can be characterized by the chiral vector R (R = n
ā1 + m ā2, n and m are integers) and wrapping angle φ (0°≤φ≤30°), a measurement of
the helicity of the tube lattice. If we roll the graphite sheet following vector R to make
carbon A overlap with carbon B (Figure 1.2), the resulted nanotube can be described by
n, m, and φ. The unit cell vectors ā1 and ā2 of the 2-dimensional graphitic lattice are
shown in Figure 1.2. n and m specify the number of unit vectors along the direction of ā1
and ā2. φ (0°≤φ≤30°) is called the chiral angle, which is formed between R and the
armchair line. Figure 1.2 shows the rolling of a graphite sheet into a (8, 3) SWNT. When
φ=0° (n=m), it is called an "armchair" nanotube. When φ=30° (m=0), the tube is called
the "zigzag" nanotube. Otherwise, when 0°<φ<30°, it is a "chiral" nanotube. Figure 1.3
shows the schematic model of an armchair (5,5) tube, a zigzag (9, 0) tube, and a chiral
(10, 5) tube.
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Figure 1.2: Description of CNTs. CNTs can be described as a two-dimensional
graphene sheet cut at various angles with respect to the hexagonal lattice that has been
wrapped up into a seamless cylinder. Different types of CNTs are characterized by
chiral vector R (R = n ā1 + m ā2) and wrapping angle, φ (0°≤ φ ≤30°), a measure of the
helicity of the tube lattice. ā1 and ā2 are unit cell vectors of the 2-dimensional graphitic
lattice. The orientation of the sheet is specified by a rollup vector (n, m), which records
the number of steps along the ā1 and ā2 directions. Schematic picture shows the
formation of a (8, 3) CNT by rolling the graphene sheet from A to B following R direction.
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Figure 1.3: Schematic model of “armchair”, “zigzag”, and chiral SWNTs. (Taken from
Dresselhaus5)
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Scanning tunneling microscopy (STM), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and atomic force microscopy (AFM) have
been used to study the structure of SWNTs (Figure 1.4)6-9 and MWNTs (Figure 1.5)1.
The STM image of an individual SWNT shows its cylinder-like structure with a diameter
of 1.4 nm. Hexagonal carbon rings can also be observed on the surface of SWNTs.
SWNTs usually exist in bundles, which consist of a few to several tens of individual
SWNTs. High resolution TEM images of individual SWNTs (Figure 1.4.c inset) show the
hollow center and closed end. A cross-sectional view of a SWNT bundle shows the
hexagonal lattice packing of individual SWNTs. Typically, SWNTs have a diameter of
about 0.8~1.6 nm and the length is from tens of nanometers to several micrometers.
The length of MWNTs varies from several micrometers to hundreds of micrometers.
High resolution TEM shows that MWNTs are comprised of concentric cylinders placed
around a common central hollow, with spacing between the layers close to that of the
interlayer distance in graphite (~0.34nm). Typically the diameter of MWNTs is 1 to 50
nm and the length is from several tens to several hundred micrometers.
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Figure 1.4: Images of SWNTs: (a) Individual SWNT (d=1.4 nm) observed by STM, the
hexagonal carbon rings can also be observed; (Adapted from Odom6) (b) SEM image
of SWNT bundles; typically the size of ropes of SWNTs is 10-20 nm in diameter and
100 µm in length; (c) TEM of SWNTs shows that each rope contains a bundle of
SWNTs with diameter about 1.6 nm; (Adapted from Harutyunyan7) (d) TEM of crosssectional view of bundle of SWNTs that shows the hexagonal lattice packing; (Adapted
from Thess8) (e) AFM image of SWNTs, the SWNT with an arrow has a diameter of 0.9
nm and a length of about 2µm.
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Figure 1.5: Images of MWNTs. (a) SEM image of MWNTs with a length from several
tens to several hundred micrometers, and (b) TEM image of MWNTs with 5, 2, and 7
layers, respectively (Adapted from Iijima1).
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Calculations and empirical observations lead to a connection between chirality,
diameter and the electronic properties of SWNTs. Figure 1.6 shows a graphene sheet
labeled with (n, m) notation, which specifies the tube that is formed when carbon (0, 0)
overlaps with carbon (n, m). “Armchair” tubes have energy bands that cross the Fermi
level and are therefore metallic. “Chiral” and “zigzag” nanotubes are expected to be
metallic when n-m=3l (where l is an integer) or semiconducting with an energy gap of ~
0.5 eV when n-m≠3l. Figure 1.7 shows the electronic density of states (DOS) of
semiconducting and metallic SWNTs close to Fermi level. The distance between each
pair of peaks represents the energy of band gap of SWNTs. S11 and S22 are the energy
separation of the first and second pairs of singularities in the DOS of semi-conducting
SWNTs, respectively. M11 is the energy separation of the first pair of singularities in the
DOS of metallic SWNTs. For the metallic SWNT, there is a finite value of the DOS at
the Fermi level. On the other hand, a small gap between the two spikes close to Fermi
level can be found in the semiconducting SWNT. By using simple tight-binding (STB)
theory, in which the electronic band structure is assumed to arise from a pure p-orbital
at each conjugated carbon atom, the low-energy band gap transitions take a simple
analytical form: S11 = 2aβ/d, S22 = 4aβ/d, M11 = 6aβ/d, where a is the carbon-carbon
bond length (0.142 nm), β is the transfer or resonance integral between the p π-orbitals
(β = 2.9 eV), and d is the diameter (nm) of the particular semiconducting or metallic
SWNT.6,9,10
The characteristic interband electronic transitions of the SWNTs provide the
spectroscopic signature in the near-IR (NIR)/Vis spectral region (Figure 1.8.). Since
most SWNT preparations are a mixture of metallic and semiconducting tubes, the
interband transitions arising from both materials can be seen. The inset of Figure 1.8
shows the calculated electronic DOS of a (10, 10) armchair metallic SWNT and a (12, 8)
chiral semiconducting SWNT close to the Fermi energy.11

10

(n,m)
(0,0)

(1,0)

(2,0)

(1,1)

(3,0)

(2,1)

(3,1)

(2,2)

a1

(4,0)

(5,0)
(4,1)

(3,2)

(5,1)

(4,2)

(3,3)

(6,0)

(6,1)

(5,2)

(4,3)

(8,0)

(7,1)

(6,2)

(5,3)

(4,4)

a2

(7,0)

(6,3)

(5,4)

(8,1)

(7,2)

(5,5)

(9,1)

(8,2)

(7,3)

(6,4)

zigzag

(9,0)

(8,3)

(7,4)

(6,5)

(7,5)

(6,6)

armchair
semiconducting
metallic

Figure 1.6: Graphene layer with atoms labeled using (n, m) notation. Unit vectors of the
2D lattice are also shown. (Adapted from Ajayan11)
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Figure 1.7: Diagram of interband transition energies near the Fermi level. For the
metallic SWNT, there is a finite value of the DOS at the Fermi level. For the
semiconducting SWNT, a small gap between the two spikes close to Fermi level can be
found.
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1.3 eV, S22
1.7 eV, M11
2.2 eV, S33

(12, 8) chiral SWNT

Figure 1.8: NIR/Vis spectrum of arc-produced SWNTs, the inset is the calculated
electronic DOS of a (10, 10) armchair metallic SWNT and a (12, 8) chiral
semiconducting SWNT close to the Fermi energy. (Adapted from Ajayan11 and
Hamon10)
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The electrical conductivity of SWNTs depends on several factors, including the type
of tube, temperature and pressure. The resistivity along the tube axis of an oriented film
of MWNTs is about 20 mΩ cm at 300K. Experiments on individual bundle and
unoriented SWNT bulk samples give resistivities of about 0.03 to 0.10 mΩ cm at
300K.12 Further research has shown that the resistivity of SWNTs is affected by both
temperature and pressure.13 Superconductivity has also been observed in SWNTs, with
transition temperatures of ~0.55 K for 1.4-nm-diameter SWNTs14 and ~ 5 K for 0.5-nmdiameter SWNTs grown in zeolites.15
Besides their outstanding electronic properties, CNTs are the strongest materials
known. Defect-free CNTs have inherited the perfection of the atomic arrangement of C60
as giant linear fullerenes and are sealed on both ends. This unique structure of CNTs
makes them very strong with a tensile strength exceeding that of steel by two orders of
magnitude.16 CNTs exhibit the highest Young’s modulus and tensile strength of all
known materials. The Young’s modulus for an individual (10, 10) SWNT is ~0.64 TPa17
and up to 1.47 TPa for a bundle of 15 SWNTs,2 which is much higher than that of
carbon fibers (values in the range of 200-800 GPa).18 The axial elastic modulus of
CNTs is estimated to be at least 1 TPa.19 Young’s modulus of MWNTs was reported to
be 1-2 TPa,20 and the bending strength of individual MWNTs reaches 28.5 GPa.21
Other novel properties of CNTs, such as excellent thermal conductivity, low density,
and chemical inertness, make them an ideal candidate for a wide range of applications.
The measured thermal conductivity of an individual MWNT (~ 3000 W/m*K) is larger
than that of a natural diamond and the basal plane of graphite (both 2000W/m*K). The
density of SWNTs can be as small as 0.6 gram/cm3, and the low density of MWNTs
(range from 1 to 2 gram/cm3, 4-10 times lower than steel) makes them potential
application in light-weight high-strength materials. The pristine carbon nanotubes
contain carbon atoms with extended π-network structure, which makes them chemically
stable.
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1.2 Production of carbon nanotubes
Several techniques have been successfully applied for production of CNTs, including
electric arc (EA) method,22-24 laser ablation (LO),8,25,26 chemical vapor deposition
(CVD),27-39 and solar energy method.40-44 Each technique has its advantages and
challenges. Optimization of processing parameters such as voltage, current,
temperature, pressure, time, and different types of catalysts, can produce CNTs with
different diameter, length, and type (SWNTs or MWNTs).
In the EA method, carbon atoms are vaporized at the high temperatures generated
by the current passed between the two electrodes (Figure 1.9.).24 The process is
usually carried out under inert gas atmosphere such as He or Ar. The EA method can
be used to produce both SWNTs and MWNTs. For the growth of SWNTs, the anode is
made from a mixture of graphite powder and metal catalysts such as nickel and yttrium;
the cathode consists only of graphite. Upon striking the electric arc between the
electrodes, a network of web-like soot comprised of SWNTs is generated. This method
produces less than 50 wt% of SWNTs and typically the diameter of SWNTs ranges from
1.2 to 1.4 nm, with lengths up to several micrometers. The SWNTs are produced in the
form of bundles containing several to a few tens of single tubes. The rest of the soot
consists of amorphous carbon, carbon nanoparticles, fullerenes, and metals. In
conclusion, the EA method can produce CNTs in gram quantities but current material is
of low purity.
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Figure 1.9: Schematic diagram of an EA apparatus.
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LO is another important technique for production of CNTs.8,25,26

In the LO

technique, a graphite target containing metal catalysts (usually less than 1 wt% of Ni,
Co, or Fe) is placed in the middle of a long quartz tube, which is contained in a furnace
that regulates the temperature at ~1200oC. It is then ablated with a strong laser pulse
under inert gas atmosphere (Figure 1.10.). The laser beam scans across the graphite
target surface to yield a smooth, uniform face for vaporization. The graphite vaporization
produces carbonaceous materials, which are swept by flowing gas from the higher
temperature zone and deposited onto a water-cooled collector. This method produces
SWNTs with high yield (~60-80%) and relatively high purity. The temperature is an
important factor in the growth of SWNTs via laser ablation.45
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Figure 1.10: Schematic diagram of a laser ablation apparatus.
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Chemical vapor deposition (CVD) is a versatile method for production of high quality
CNTs by vapor phase pyrolysis of a carbon-containing gas (C2H2, CO, hexane, CH4)
with metal nanoparticles or volatile organometallic compounds such as iron
phthalocyanine, nickel phthalocyanine or ferritin. These organometallic compounds act
as source of both catalyst and carbon. Usually the pyrolysis of the metal nanoparticles
or organometallic compounds is performed in an Ar/H2 environment at high temperature
in a quartz tube (Figure 1.11.). It is believed that upon thermal decomposition of
organometallic compounds, it is the metal particles that first begin to take shape on the
substrate surface. As more metal particles aggregate, the size of the catalytic center
increases. Once the catalytic center reaches the optimal size for CNT nucleation, the
dissolved carbon precipitates in the form of CNTs. The effect of hydrogen in the CVD
process is to raise the yield of CNTs.32 It is also found that in the presence of sulfur
(from thiophene), the yield of SWNTs can be dramatically increased and SWNT strands
can grow as long as 20 centimeters.33,34 The advantages of CVD are the possibility of
large-scale continuous production, low temperature, and controllability. The CVD
method has been widely used to produce both SWNTs27,28,32-35,39 and MWNTs
29,31,36-38.
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Figure 1.11: Schematic diagram of a CVD apparatus.
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Nikolaev and coworkers have reported a gas-phase catalytic growth of SWNTs from
carbon monoxide, which is known as ‘HiPco’ (high-pressure carbon monoxide).30 In
their CVD experiment, carbon monoxide was mixed with a small amount of iron
pentacarbonyl and passed through a heated reactor (800-1200oC) (Figure 1.12). The
thermal decomposition of iron pentacarbonyl forms iron clusters in the gas phase that
nucleate the growing SWNTs. Flow velocity and system pressure are two important
factors to control the production of SWNTs. SWNTs produced by HiPco method have
an average diameter as small as 0.7 nm, the same as that of a C60 molecule.30 Such
small diameter leads to high curvature of the tube and results in high reactivity of
SWNTs (discussed in Chapter three). From electron microscopy study, SWNTs
produced by HiPco method have relatively high purity, with the iron catalysts as major
impurities.30
In the solar energy method, CNTs are produced by focusing highly concentrated
sunlight onto a graphite target to vaporize the carbon. The vaporized carbon is swept up
by an inert gas and condenses as nanotubes in a cold dark zone.
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Figure 1.12: Schematic diagram of an apparatus for producing HiPco SWNTs (adapted
from Nikolaev30).
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In most case it is of great importance to produce CNTs with controlled diameter and
chiralty in order to meet the requirements of their application. Although all the methods
discussed above are widely used in production of CNTs, it is difficult to produce
nanotubes with controlled properties. This is a major challenge in the current and future
work of nanotube production.
Recently it has been reported that SWNTs produced by the CVD method have a high
percentage of semiconducting SWNTs.39 Ferritin was applied as the catalyst and a
combined flow of CH4/C2H4 was used as a carbon source. About 30% of the nanotubes
produced were longer than 100 µm, and the longest was 0.6 mm. These long tubes
exhibited loop and ring morphologies in their as-grown forms. About 70% of the
individual SWNTs were semiconducting, exhibiting field effect transistor characteristics.
Another interesting area of CNT production is the control of the CNT growth in welldefined locations and directions. Many applications of CNTs, such as field emitters,
scanning probes and sensors, and nano-electronic devices, require them as wellaligned building blocks. The CVD-based technique is quite useful for patterned growth
of CNTs (Figure 1.13 a).29,37,46,47 Generally, the substrate can be selectively coated
with metal catalysts via a micro-pattern technique. By using the CVD method, CNTs can
grow on the area coated with catalysts and self-assemble by intratube van der Waals
interactions. The resulting highly organized CNTs have been studied as electron field
emission arrays and they have been found to exhibit low operating voltages and high
current stability.47 Suspended SWNT networks with well-defined orientations on
substrates have also been synthesized by CVD method.28,48 Metal catalysts were
transferred onto the tops of pillars by contact printing, and CVD on the substrates led to
the formation of suspended SWNT networks (Figure 1.13 b). In another experiment, an
electric field was applied to actively control the growth directions of SWNTs (Figure 1.13
c).49 Vectorial growth of SWNTs by CVD on silicon wafers has been reported, in which
the growth vectors, including the origin and the direction, could be controlled (Figure
1.13 d).35 It was also found that with a quick CVD heating process (no external field),
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SWNTs could grow up to a millimeter in length and the majority of the tubes were
horizontally aligned.50 The orientation of SWNTs was directly controlled by the direction
of gas flow in the CVD system.
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Figure 1.13: Images of controlled grown CNTs. (a) SEM image of patterned growth of
MWNTs (adapted from Fan47); (b) SEM image of a network of suspended SWNT
growing from silicon towers (height ~10 mm) (adapted from Franklin48); (c) SEM image
of suspended SWNTs grown in various electric fields (adapted from Zhang49); (d) SEM
image of vectorial growth of SWNTs (adapted from Joselevish35).
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1.3. Purification of Carbon Nanotubes
1.3.1. Purification of Carbon Nanotubes
In all the production methods, the as-prepared CNTs contain impurities such as metal
catalysts, amorphous carbon, and multi-shelled carbon particles (Figure 1.14). These
impurities have to be removed in order to realize the intrinsic properties of the CNTs.
The purification of fullerenes has been well studied, in which solvent based
chromatographic

separation,51,52

vapor

phase

purification,53

and

fractional

crystallization54 have been employed. Most of these fullerene purification methods take
advantage of solubility or volatility in organic solvents. However, the purification of CNTs
is much complex since both the CNTs and the carbonaceous impurities are insoluble
and nonvolatile. The metal catalysts can be removed most easily by dissolving them in
inorganic acids; nevertheless, there is still a certain amount of metal catalysts
encapsulated In multi-shell carbon particles, which are very difficult to remove.
Amorphous carbon and multi-shelled carbon particles can be removed by oxidation, but
the CNTs are also susceptible to oxidation. The key to developing an efficient
purification method is to optimize the reaction conditions to allow selective oxidation of
the carbonaceous impurities while protecting CNTs.
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Figure 1.14: TEM image of EA as-prepared SWNTs.
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The major impurities in laser, CVD, and HiPco produced CNTs are metal catalysts
and amorphous carbon. Generally reflux in an inorganic acid or thermal treatment can
achieve a partially efficient purification.26,55-60 SWNTs produced in HiPco process can
be purified by a low temperature oxidation (200oC) followed by concentrated HCl
sonication.61
CNTs produced by the EA method are more difficult to be purified since the major
impurities in EA produced SWNTs are carbon nanoparticles in addition to metal
catalysts and amorphous carbon. A large number of purification methods have been
employed to purify EA produced SWNTs, including inorganic acid treatment,62-65
thermal

treatment,63

high

performance

liquid

chromatograph,66-69

gaseous

oxidation,70 microfiltration,71 centrifugation,65 and microwave heating.72
The thermal treatment and the nitric acid treatment are probably two most widely
used methods (details will be discussed in Chapter 2). In the thermal treatment method,
it is assumed that the amorphous carbon has a lower burning temperature than the
SWNTs and will burn before the SWNTs. However, the difficulty in achieving uniform
dispersion of the oxidizing gas throughout the SWNT sample is a challenge in the large
scale application of this method.
The effects of nitric acid treatment to SWNTs have been investigated, and different
conditions, including reaction time and concentration of nitric acid, can strongly affect
the efficiency of purification of SWNTs (details will be discussed in chapter 2).
The evaluation of the purity of SWNTs is of great importance since it can be used to
estimate the efficiency of purification method in a quantitative way. Images of CNT
samples obtained from electron microscopies, including SEM,26,57,63,70,71,73 TEM,
63,73 and AFM,57,67 can give a direct but rough idea of the appearance of sample
since they measures very small amounts of samples (~ 10-12 gram scale)74 Therefore it
is difficult to obtain representative information about bulk samples via these methods.
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Thermgravimetric analysis (TGA) is also used to analyze the amount of components,
especially for metals, in CNT samples.55,57,59,63,73 It provides the residual metal
weights in nanotube samples fairly easily, but can lead to ambiguities if a quantitative
evaluation of the SWNT content is attempted. Raman spectroscopy is another method
used to estimate the purity of CNTs by measuring the signal intensity and peak shift.
57,59,63,67,70,71,73 However, a systematic purity evaluation by Raman spectra
measurement has not been reported.
Recently, our group has reported a method to evaluate the purity of EA produced asprepared SWNT soot by using solution phase near-IR (NIR) spectroscopy, in which
SWNT purity was evaluated against a reference sample by using the region of the
second interband transition (S22, spectral cutoff of SCL=7750 and SCH=11750 cm-1) for
semiconducting SWNTs.74 In this method, the absorbance of a SWNT sample in the
S22 spectral cutoff region was equal to the sum of the absorbance due to the S22
interband transition of the SWNTs, the background π-plasmon transition of the SWNTs
and the background π-plasmon transition of the impurities. The relative carbonaceous
purity of an arbitrary SWNT sample against the reference SWNTs was obtained by the
comparison of the ratio of their areal absorbance of interband transition to the total areal
absorbance in the S22 spectral region. This is the first method to evaluate the purity of
SWNTs in a quantitative way. With this method, it is possible to evaluate and optimize
SWNT purification procedures. A detailed discussion of purity evaluation of EA
produced SWNTs and comparisons of purification efficiency of different methods will be
given in Chapter Two.
1.3.2. Shortening of Carbon Nanotubes
Generally, CNTs are produced with hemispherical end caps. The carbon-carbon
double bonds in the end caps are more strained than those on the sidewall and are
therefore more reactive. It is useful to open the end caps because: 1) the removal of the
caps introduces functional groups, usually in the form of carboxylic acid groups; 2) the
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removal of the caps provides the opportunity to remove the metal particles
encapsulated in the CNTs thereby increasing the purity of the CNTs.
Oxidation reagents and mechanical forces have been applied to open the end caps of
CNTs.26,75-77 Both of these methods can introduce defects in the sidewalls and go on
to break CNTs at their defect sites thereby cutting the CNTs into short pieces.
Shortening of CNTs is very important in chemical functionalization of CNTs since the
shortened CNTs have a higher fraction of functional groups. Liu et. al. have reported the
shortening of SWNTs by sonication in a mixture of concentrated sulfuric acid and nitric
acid (volume ratio=3:1).26 Gu et. al. have found that after fluorination, highly
functionalized SWNTs (stoichiometry ~C5F) can be shortened to less than 50 nm via
thermal treatment at 1000oC.75
Mechanical forces can also be applied to shorten CNTs. However, strong forces like
ball milling destroy CNTs.76 Chen et. al. have reported a cyclodextrin-mediated soft
cutting method.77 It was observed that raw SWNTs as long as 4 µm could be cut into
small tubes ranging from 100 to 600 nm in length. In comparison to the bundle size of
the raw material (20 to 100 nm), the shortened material has a much smaller size (5 to
10 nm).
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1.4. Chemistry of Carbon Nanotubes
1.4.1. Reactivity of Carbon Nanotubes
The strain in nonplanar conjugated organic molecules arises from two principal
sources: pyramidalization of the conjugated carbon atoms, and π–orbital misalignment
between adjacent pairs of conjugated atoms.78-80 It is well known that the chemistry of
the fullerenes is characterized by addition reactions,81-84 and the relatively high
reactivity of C60 results from the conversion of trigonal carbon atoms (sp2-hybridized) to
tetrahedral carbon atoms (sp3-hybridized). This serves to release the tremendous strain
present in the spheroidal geometry, because the pyramidalization angle θp, which is
related to the curvature at a conjugated carbon atom of C60 (θp = 11.64o) is actually
closer to the ideal tetrahedral angle (θp = 19.47o) than to the planar geometry required
for trigonal hybridization (θp = 0o).80,85 Figure 1.15. shows the pyramidalization angle
of sp2 and sp3 hybridized carbon atoms. As a result of the spheroidal geometry there is
no π–orbital misalignment in C60.
From the standpoint of chemistry, carbon nanotubes can be divided into two regions:
the end caps and the sidewall. The origins of the strain in the end caps and the sidewall
of CNTs are somewhat different. The end cap of a CNT can be regarded as a
hemispherical fullerene, and the carbon-carbon bonds in this region of the CNT
therefore experience a similar degree of strain due to pyramidalization to that of the
equivalent fullerene. However, since the curvature in the sidewall of a CNT is much less
than that in a fullerene of equivalent diameter, the carbon-carbon bonds in the sidewall
of a CNT are much less reactive than those in the end cap.86,87 In the fullerenes,
pyramidalization is essentially the only source of strain because the π–orbital alignment
is almost perfect due to the quasi-spheroidal geometry.85,87
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Figure 1. 15: Pyramidalization angle θp of CNTs, and the π–orbital misalignment angles
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Niyogi87)
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In the case of the arm chair CNT shown in Figure 1.15, there are two types of carboncarbon bonds in the sidewall: one is parallel to the circumference plane (which is
perpendicular to the axis of the CNT), while the other lies at an angle to the
circumference plane. As may be seen in Figure 1.15, the first bond is reminiscent of the
situation in the fullerenes with perfect alignment of the lobes of the π–orbitals, whereas
the second bonding geometry requires a twist of the π–bond.86,87 In the latter case, the
angle between the lobes of the π–orbitals of the adjacent carbon atoms [π–orbital
misalignment angle (φ)], will differ from zero and this is a source of strain in the CNTs
that is almost totally absent in the fullerenes. This strain due to orbital misalignment
leads to a differentiation between the bonds in the CNTs that may be reflected in their
relative reactivity.
In the foregoing discussion we have adopted the π–orbital axis vector (POAV)
analysis, which was successful in the analysis of the electronic structure and chemistry
of the fullerenes,85 and applied it to the CNTs. This analysis relies on the local
geometry of the structures, however the CNTs possess an extended electronic structure
and this leads to the development of energy bands, which in the case of the metallic
SWNTs produces a finite density of states at the Fermi level;88,89 the semiconducting
SWNTs of course have an energy gap at the Fermi level. Thus there should be a
marked difference in the reactivity of metallic and semiconducting SWNTs in chemical
reactions that are initiated by electron transfer processes.86,90
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1.4.2. End Functionalization of Carbon Nanotubes
On treatments with oxidants, the end caps of the CNTs are removed and the carbon
atoms at these open-ends or other defect sites on the tube are oxidized to carboxylic
acid groups. Occurrence of functionalization at the open ends of the CNTs is important
because:
1. End functionalization does not destroy the extended network of the CNTs, allowing
the preservation of the electronic and mechanical properties of the CNTs.
2. End functionalization can dramatically enhance the solubility and facilitate the
chemical manipulation of the CNTs.
The carboxylic acid groups terminating the open ends of the SWNTs act as chemical
precursors for end reaction (Figure 1.16).26 Our group first reported the synthesis of
soluble SWNTs (s-SWNTs) in 1998 by carrying out an end functionalization reaction.91
The functionalization methodology is based on the amidation of SWNTs with a long
chain amine, such as octadecylamine (ODA). The amide forms of s-SWNTs are soluble
in many common organic solvents, including chloroform, dichloromethane, aromatic
solvents (benzene, toluene, chlorobenzene) and carbon disulfide. The solubility of sSWNTs in 1,2-dichlorobenzene and carbon disulfide are higher than 1mg/mL. This
important finding not only provided a new method for obtaining well-characterized highly
purified SWNT materials by separating soluble SWNTs from insoluble impurities,68,69
but also opened the door to many more opportunities for the study of SWNT chemistry
in the solution phase. The details of this functionalization of SWNTs will be discussed in
Chapter Three. Various solution spectroscopies can be applied to characterize the
dissolved SWNTs. Based on similar methods, other amines such as 4-dodecylaniline,92 glucosamine,93 have also been used to functionalize CNTs .
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Figure 1.16: Diagram of end functionalization of CNTs.
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Sun et. al. reported amidation of SWNTs with several amine rich polymers, dendra,
and proteins.94-97 The methodology of these reactions is based on amidation via acyl
chloride

intermediate

or

1-ethyl-3(3-dimethylaminopropyl)carbodiimide

(EDAC)

activated reaction. The poly(propionylethylenimine-co-ethylenimine (PPEI-EI) and
bovine serum albumin (BSA) functionalized SWNTs were quite soluble in water as well
as organic solvents. The authors also noted that sonication during the reaction can
promote such EDAC activated amidation.
It is important to assess the degree of functionalization of the carbon atoms in the
end-groups and at defect sites of the ODA functionalized soluble SWNTs to the carbon
atoms in the SWNT backbone. Our group introduced a method to determine the amount
of alkyl chains in the soluble SWNTs samples by measuring the intensity of ν(C-H)
stretching vibrations that originate from the ODA alkyl chains.98 Quantitative

13

C NMR

study of ODA functionalized MWNTs has also been used to discuss the relationship
between the content of ODA and the solubility.99
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1.4.3. Sidewall Functionalization of Carbon Nanotubes
Some sidewall functionalizations are illustrated in Figure 1.17. Our group was the first
to report the covalent sidewall functionalization of SWNTs, in which the dichlorocarbene
addition to both soluble and insoluble SWNTs have been reported by using
phenyl(bromodichloromethyl)

mercury

as

precursor.86,91

The

degree

of

dichlorocarbene functionalization of soluble HiPco SWNTs can be as high as
23%.89,100 The transitions at the Fermi level in the metallic SWNTs that appear in the
far-infrared (FIR) region of the spectrum showed a dramatic decrease of intensity on
dichlorocarbene functionalization, which indicates that dichlorocarbene addition
significantly perturbs the conjugated π-network and thus transformed a metal into a
semiconductor. However, doping the SWNTs causes an increase in the intensity of the
absorptions at the Fermi level that was observable in the FIR due to hole doping of the
semiconducting SWNTs. Therefore, the FIR region of the spectrum allows a clear
differentiation between the covalent and the ionic chemistry of SWNTs. Thermal
treatment of the dichlorocarbene functionalized SWNTs above 300oC resulted in the
breakage of C-Cl bonds, but did not restore the original electronic structure of the
SWNTs. The details of this sidewall functionalization of SWNTs will be discussed in
Chapter Three.
Mickelson et. al. reported the sidewall functionalization of SWNTs by using elemental
fluorine as the fluorinating agent.101 The author showed that the fluorine was covalently
bonded to the carbon on the sidewall with very high degree of functionalization (ratio of
C:F=2:1). TEM images of these highly functionalized SWNTs showed that the sidewalls
of the tubes were essentially covered with defects. The authors also found that when
the fluorine functionalized SWNTs were heated at 400oC or higher, most of the SWNTs
were destroyed.
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Figure 1.17: Diagram of sidewall functionalization of CNTs.
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It has been found that when the fluorinated SWNTs were sonicated in alcohol, a
metastable solution could be obtained.102 2-propanol and 2-butanol appeared to be the
best solvents among the alcohols the authors tried. Nucleophilic reagents such as
alkyllithium and alkyl magnesium bromides have also been used to convert fluorinated
SWNTs to alkylated SWNTs.103 Such akylated SWNTs, for example, hexyl-SWNTs,
were soluble in THF and methylene chloride. Pristine SWNTs could be recovered from
hexyl-SWNTs by heating in air at 250oC for 1 hour.
Aryl diazonium salts are well known to react with olefins104 and have also been used
for sidewall functionalization of SWNTs.105,106 Tour et. al. have produced a series of
aryl radicals by electrochemical reduction of aryl diazonium salts to derivatize SWNTs.
The estimated degree of aryl radical functionalization was as high as one out of every
20 carbons in the SWNTs. The high degree of functionalization improved the solubility
of SWNTs in organic solvents (tetrahydrofuran, dimethylformamide, chloroform etc.).
The functional groups can be removed by heating at 500oC in argon, restoring the
pristine SWNTs. The same group has also reported a solvent-free sidewall
functionalization of SWNTs, in which the SWNTs were mixed with 4-substituted aniline
and vigorously stirred at 60oC in the presence of isoamyl nitrite or sodium nitrite.107
The isoamyl nitrite or sodium nitrite converted the anilines into diazonium salts which
reacted with SWNTs. The products showed a significant loss of the fine structure of
interband transition spectra in NIR-vis region and a strong signal in the disorder mode in
Raman spectra, which indicated the change in the structure of SWNTs after sidewall
functionalization. They have produced 4-(10-hydroxydecyl)benzoate-SWNTs, with the
same method and dispersed them in polystyrene to make composite materials.108
1,3-Dipolar cycloaddition has been widely applied to the organic modification of
fullerenes.109,110 Georgakilas et. al. have carried out 1,3-dipolar cycloaddition
reactions of azomethine ylides to SWNTs by using aldehyde and a N-substituted glycine
derivatives. The glycine derivative has a long ether chain. This functional group
enhances the solubility of SWNTs in organic solvents such as CHCl3, CH2Cl2, acetone,
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alcohol and even water. The degree of functionalization was estimated to be 1 in 95
SWNT carbons.
Other sidewall functionalizations such as nucleophilic carbenes by using dipyridyl
imidazolidene,111 hydrogenation by using liquid ammonia,112 cycloaddition of
nitrenes,111 have also been reported.
1.4.4. Non-covalent Surface Interaction of Carbon Nanotubes
SWNTs can also be modified by non-covalent functionalization.92,113 Some of these
methods are based on the ionic interaction of SWNTs with amines, which leads to the
formation of soluble acid-base salts or charge-transfer complexes. In our work,113 the
acidic form of SWNTs was heated with melted octadecylamine to form an SWNTcarboxylate zwitterion. This form of the SWNTs is soluble in tetrahydrofuran and 1,2dichlorobenzene (>0.5 mg/mL).
Molecules of high molecular weight can wrap the surfaces of SWNTs. Polymers, such
as

polyvinyl

pyrrolidone

poly(phenylacetylene)
poly(aryleneethynylene)s

(PVP)

(PPA),115
(PPE),117

and

polystyrene

sulfonate

poly(metaphenylenevinylene)
poly-anisidine

(POAS),118

(PSS),114
(PmPV),116
amylose,119

amphiphilc copolymer poly(styrene)-block-poly(acrylic acid),120 and natural polymers,
121 can encapsulate the CNTs.
The interaction between the SWNTs and polymer hosts usually involve Van der
Waal’s interactions between the hydrophobic surface of SWNTs and the hydrophobic
parts of the host polymers. The mechanism of these polymer-wrapping methods
depends both on the interaction between SWNTs and polymers, and the structure of the
polymers. O'Connell et. al. suggested a thermodynamically driven model for wrapping
SWNTs, wherein the polymer disrupted both the hydrophobic interface with water and
tube-tube interactions in the CNT aggregates.114 Upon AFM investigation, the
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individual PVP-SWNT displayed a uniform diameter along its length, which indicated
that the polymers were uniformly wrapped around the surface of the SWNTs rather than
randomly attached to it (Figure 1.18. a). A helical wrapping model has been used to
explain the solubilization of SWNTs at a molecular level.114 In another case, a straight,
rigid polymer, poly(aryleneethynylene)s (PPE), has been used to interact with
SWNTs.117 The authors suggested that since the polymer was short and rigid, it was
attached to the surface of SWNTs in a non-wrapping form (Figure 1.18. b).
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(a)

(b)

Figure 1.18: Mechanism of polymer wrapping with SWNTs, (a) helical wrapping model,
(b) non-wrapping model. (Adapted from (a) O’ Connell114 and (b) Chen117)
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1.5. Applications
As discussed above, CNTs have outstanding electronic and mechanic properties and
will have applications in many fields: nano-electronic devices, composite materials,
molecular sensors, chemical and biological probes, energy storage, field emitters, and
biology.
1.5.1. Electronic Devices
Silicon-based electronic technology has been widely used for several decades.
However, it is now generally accepted that silicon devices will eventually reach
fundamental scaling limits in the production of integrated circuits. A great deal of
attention has been focused on the search to alter materials and technologies. Much
effort has been applied to production of nanoelectronic devices using CNTs. Recently,
CNTs based nanoelectronic devices such as field-effect transistors (FETs) and singleelectron transistors (SETs) have attracted considerable interest.
FETs are the most important device structure for the utilization of CNTs in electronics.
A basic FET involves two main electrodes (“source” and “drain”), which are connected
by a semiconducting channel. For CNT based FETs the channel is made of an
individual semiconducting CNT. A third electrode, the “gate”, is separated from the
channel by a thin insulator. The channel of a p-type (hole-conducting, like CNT) FET
becomes conductive when a negative charge is placed on the gate and a certain
threshold voltage is exceeded. Demonstrations of CNTs in FETs have appeared in
rather simple devices since 1998.122,123 An individual SWNT, acting as the channel,
was deposited on the top of two electrodes, forming a bridge to connect the source and
drain. The electrodes were fabricated on top of a SiO2 film grown on a silicon wafer, and
the wafer itself was used as the back-gate (Figure 1.19.). Such FETs have high contact
resistance and low drive currents. To improve the characteristics of CNT based FETs,
Bachtold et. al. made SWNT transistors by the deposition of SWNTs on an oxidized Si
wafer patterned with nano-Al wires.124 Au electrodes and interconnect wires were
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Figure 1.19: A scheme of FET made by individual SWNT (middle), the upper picture is
imaged by AFM, and the bottom is a diagram of the circuit. (Adapted from Tans122)
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fabricated on the SWNT without any adhesion layer. These CNT transistors displayed
favorable device characteristics such as large on-off ratio (>105) and room-temperature
operation, and could be used for building logic circuits.
In making computer electronics, these individual CNT containing FETs are needed to
form logic gates. Without special treatment, however, FETs made by as-prepared
SWNTs always display p-type characteristics. Derycke et. al. found that by simply
annealing in vacuum (400oC) or potassium doping, p-type FETs could be converted into
n-type FETs.125 This conversion was reversible in air or oxygen. A thin silicon oxide
layer (10 nm) was used to prevent the “n to p” transition in air. By bonding together a pand n-FET, the authors built the first logic gate, a voltage inverter, based on SWNT
transistors.
The single electron transistor (SET) is formed by two quantum dots connected by a
conductive tunnel (island). The Coulomb force of a single electron the tunnel can
prevent the entrance of a second electron. So electrons have to move through the
system one by one. By controlling the voltage, the two quantum dots can be isolated or
tunneling contact. Most of the traditional SET devices are of limited interest because
they can only operate at very high temperature. SETs that work at room temperature
have been reported, however, the control of the size of the quantum dots is problematic,
and it is also difficult to avoid the high resistance of the tunnel junctions. The nature of
SWNTs, with diameter on a nanometer scale, makes them an ideal candidate for
fabrication of SETs. Several groups have reported SET devices made of individual
metallic SWNTs126 and chemically modified individual SWNT bundles127 that operate
at room temperature.
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1.5.2. Composite Materials
Because of their one-dimensional structure and excellent mechanical properties,
CNTs are ideal fiber candidates for composite materials. By the addition of CNTs, the
strength, elasticity, toughness, durability, and conductivity of the composite material can
be improved. The major challenge in using CNTs for composite materials is achieving a
homogeneous dispersion of CNTs throughout the matrix without destroying their
integrity. The second important point to be considered is the interfacial bonding, which
is required to achieve load transfer across the nanotube-matrix interface. In some
special cases, CNTs aligned parallel to the axis of the composite are desired.
In practice, a solution or suspension of matrix material is mixed thoroughly with CNTs
to create a uniform composition. Sometimes chemical functionalization or physical
wrapping is used to improve the affinity of CNTs for the matrix. Ultrasonication is often
applied to prepare the dispersion of CNTs. After evaporating the solvent, the composite
material is obtained in bulk or film form. This method has been used to produce
composite

materials,

such

as

MWNT/silane,128

MWNT/PmPV,129,130

and

SWNT/PmPV.131
CNT composites may find application in electronic devices. Polypyrrole (PPy) is a
conducting polymer and has been used to make composite films with MWNTs by
electrochemistry.132 The nanoporous three-dimensional arrangement of PPy-coated
MWNTs in these composite films showed improved electron and ion transport relative to
pure PPy films. In another case, a SWNT/PmPV composite has been used in making
organic light-emitting diodes.131 The device fabricated without SWNTs dispersed in the
PmPV showed a near red emission at 600 nm, however, the devices fabricated with the
polymer composite (SWNT concentrations up to 0.1 wt %) showed an increase in the
oscillator strength of the green emission with a dominant emission peak near 500 nm.
In addition, CNTs can enhance the strength or toughness of composite materials.
Poly(p-phenylene benzobisoxazole) (PBO) has been used to make PBO/SWNT
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fibers.133 The tensile strength of the PBO/SWNT fiber containing 10 wt % SWNTs was
about 50% higher than that of the control PBO fibers without SWNTs. Very recently, a
type of coagulation-based SWNT spinning method has been used to prepare supertough SWNT fibers.134 In this method, surfactant-dispersed SWNTs were injected into
a rotating bath of aqueous polyvinyl alcohol to produce nanotube gel fibers (Figure 1.
20). Then the authors spun a reel of nanotube gel fiber and converted it into 100m
lengths of solid nanotube composite fiber in a continuous process. The resulting
composite fibers were about 50 mm in diameter and contained around 60% SWNTs by
weight. The tensile strength of this super-tough fiber was about 1.8 GPa, which matches
that of spider silk. The Young’s modulus of this nanotube composite fiber was near 80
GPa.
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1 cm

Figure 1.20: Photograph of a textile containing two nanotube-fiber supercapacitors
woven in orthogonal directions. (Adapted from Dalton134)
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Recently, our group reported the production of SWNT-polymer composite materials
by electrospinning method.135 As-prepared (AP) and ester (EST) functionalized
SWNTs have been electrospun under high voltage (17 KV) with polyurethane (PU) to
demonstrate the effect of the chemical functionalization of SWNTs on the mechanical
properties of SWNT-reinforced composites. The tensile strength of EST-SWNT-PU
membranes is enhanced by 104% as compared to electrospun pure PU membranes,
while an increase of only 46% was achieved by incorporating AP-SWNT in the PU
matrix.
1.5.3. Sensors and Probes
Gas sensing is of great importance to environmental monitoring, control of chemical
processes, as well as in many medical and agricultural applications. Traditional gas
sensors such as silicon devices, semi-conducting metal oxides, organic and composite
materials are widely used, though they are limited by their operating parameters such
as temperature, resistivity, and sensitivity. Individual semiconducting SWNT-based
chemical sensors are reliable for the detection of small amounts of toxic gases such as
NH3 and NO2.136 It was observed that the conductance of the SWNT sample
dramatically increased in NO2 and decreased in NH3. The sensitivity of this SWNT
sensor, defined as the ratio of resistance after and before gas exposure, was very high
(from 10 to 1000). The response of the SWNT sensor to gases was rapid, for example,
only 1 to 2 minutes were required for 5 SWNT samples to respond to 1% NH3. Moreover,
this SWNT sensor was capable of detecting gas concentrations as low as 2ppm for NO2
and 0.1% for NH3. Thus, CNT wires are promising chemical sensors with no
temperature limit, small size, high sensitivity, and rapid response.
The strength and high length-to-diameter aspect ratio of CNTs are particularly
valuable in the design of probe tips for scanning probe microscopy (Figure 1.21),137139 electrochemistry,140 and biological analysis.141,142 The small radius of CNT tips
significantly improves lateral resolution, far beyond what can be achieved using
commercial silicon tips. CNTs also have the ability to buckle elastically, which makes
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the tip very robust. Generally, CNTs require either chemical or physical modification
before being made into tips to achieve optimum efficiency.
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Figure 1.21: Nanometer-sized probe. (Adapted from Wong143)
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1.5.4. Energy Storage
Hydrogen storage is important for the fuel cell industry but the ability of CNTs to store
hydrogen is still a matter of debate in the scientific literature. CNTs possess hollow
cavities; creating excellent nano-containers for hydrogen storage. Hydrogen molecules
can be physically adsorbed on the exterior surface of CNTs or interstitial spaces
between them.
The hydrogen storage capacity of CNTs depends on several factors, such as tube
diameter, length, and purity. Theoretical calculations predict that the hydrogen storage
capacity of (10,10) SWNTs can be larger than 14 weight% (160 kg H2/m3).144 The
predicted hydrogen storage capacity of SWNTs increases linearly with the tube
diameter. Experimentally, the reported hydrogen storage capacity of purified SWNTs
(4.2 weight%) was much higher than that of the as-prepared material (2.4 weight%).145
The existence of impurities such as organic compounds decreased the storage capacity
whereas the presence of metal catalysts had no effect.
The geometric alignment of CNTs also affects the H2 storage capacity. Well-aligned
MWNTs showed hydrogen adsorption as high as 2.4 wt% at 10 MPa whereas the
random sample showed only 0.68 wt% at 10 MPa.146 This difference in adsorption
between these two samples was due to the fact that the aligned sample had a larger
specific surface area (60 m2/g) than the random sample (27 m2/g). Moreover, the wellaligned MWNT blocks contained a large number of micro-channels between the outer
walls of the tubes. After hydrogen adsorption, these channels shrank from 3-100 nm to
3-7 nm in diameter. This indicates that the inner cavity, as well as the space between
outer walls of tubes is accessible for hydrogen storage.
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1.5.5. Field Emission
Due to their high aspect ratios, small tip curvature radius, and high conductivity,
CNTs are ideal materials for field emission. Difficulties in application of CNT emitters
arise from the arrangement of the vertically aligned CNTs. Recently, vertically aligned
MWNTs have been synthesized by using plasma-enhanced chemical vapor deposition
(CVD) technique (Figure 1.22).47,147 In the case of SWNTs, because of their small
diameter, it is difficult to align them vertically. Some research groups have discovered
methods for fabricating a SWNTs field emitter with different techniques.148,149 SEM
images clearly showed SWNT bundles that were firmly adhered to the metal and mostly
aligned perpendicular to the substrate. SWNT films yield higher emission uniformity and
current density than MWNTs.
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Figure 1.22: SEM images of self-oriented nanotube arrays (top) as electron field emitter
arrays. (A) Experimental setup. (Adapted from Fan47).
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1.5.6. Biological Materials
Recently there has been intense interest in exploring the novel properties of CNTs
and especially SWNTs for biological applications. The 1-D structure of SWNTs makes
them an ideal candidate for the development of a new generation of biodevices.
Because SWNTs are molecular wires with every carbon atom exposed on the surface,
SWNTs are promising candidate for development of extremely sensitive biosensors.
Due to their small dimensions SWNTs can be easily introduced into cells with little or no
disturbance of the cell function. Additionally, the outstanding electronic properties of
SWNTs will allow biological events to be addressed electronically. The progress in
understanding the interactions between CNTs and biomolecules has stimulated
extensive research on the fabrication of bionanodevices and especially biosensors.
Yet the interactions of biomolecules with SWNTs are poorly understood. Non-specific
binding on SWNTs has been shown to be a general phenomenon with a wide range of
proteins, including streptavidin, avidin, bovine serum albumin, and glucosidase.150,151
These non-specific interactions could be explored for the controlled organization of
SWNTS into useful architectures. It has been shown that specifically designed
amphiphilic α-helical peptides wrap and solublize nanotubes, enabling controlled
assembly of peptide-wrapped nanotubes into macromolecular structures.152 The
importance of the non-specific interactions between SWNTs and biomolecules has been
recently demonstrated in a study on the separation of metallic from semiconducting
nanotubes by DNA-assisted dispersion in aqueous solution.153
The application of CNTs at the cellular level is still challenging. The first application of
CNTs in cell biology was in the neuroscience. Mattson et. al. have developed a method
for growing embryonic rat-brain neurons on MWNTs.154 They found that the neuron
cells extended only one or two neurites on unmodified MWNTs. On the other hand,
neurons grown on MWNTs coated with the bioactive molecule, 4-hydroxynonenal (4HNE), elaborated multiple neurites, which exhibited extensive branching (Figure 1.23).
Recently, our group reported the neuron growth on chemically functionalized MWNTs
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substrates and in culture medium containing water soluble SWNTs (discussed in
Chapter Four).
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5um

100 nm

Figure 1. 23: SEM images show neurons that had grown on unmodified control
nanotubes (upper) and nanotubes coated with 4-HNE (lower). The right panel is a high
magnification view of the region of the neurite designated by the arrow in the left panel.
(Taken from Mattson154)
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Chapter Two
Nitric Acid Purification of SWNTs
Produced by Electric Arc (EA) Discharge
Background
The purification of carbon nanotubes (CNTs) is an important and challenging topic.
During the last few years, different purification procedures were developed to increase
the percentage of CNTs. However, there is no reliable purification method that can
produce CNTs in high purity and acceptable yield. Furthermore, there is no generally
accepted standard for the purity of single-walled carbon nanotubes (SWNTs).
Assessments of some widely used purification methods are listed in Table 2.1, and
discussed briefly below. Usually two or more methods have been combined to purify
CNTs.
Inorganic acids, such as nitric acid and hydrochloric acid, have been widely used to
purify CNTs.62-65 One major function of the inorganic acid treatment is to dissolve
metal catalysts. Nitric acid is also an oxidant and it can introduce carboxylic acid
functional groups26,91,92,155-158 and even convert some CNTs into amorphous
carbon.62,159
Cross-flow filtration (CFF) has been applied for purification of nitric acid treated
SWNTs.73 In the process, the SWNT containing surfactant dispersion was cycled
though a hollow-fiber CFF cartridge (pore size=200 nm). Thus the wall was permeable
to the solvent and to particles smaller than 200 nm. This allowed the elution of the
particulate impurities smaller than 200 nm (discussed in details below).
Centrifugation

has

been

used

to

remove

dispersible

carbonaceous

impurities.62,65,160 This method can separate water dispersible carbonaceous
impurities from SWNTs by repeated centrifugation-decantation-resuspension cycles
(discussed in detail below). Such centrifugation-decantation-resuspension cycles have
also been applied before CFF processing.73
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Table2.1: Efficiency of SWNT purification methods.

Technique

SWNT

Nitric acid

+

Hydrochloric
acid
CFF
Centrifugation
Thermal
oxidation

Carbonaceous
Impurities
+

Metal
+

comments
remove metal and some of the
amorphous carbon, consume
SWNTs

Reference
26, 91, 92,
155-158

-

-

+

remove metal

+

+

-

separation based on size

+

+

-

separation based on dispersity

62, 65, 160

+

+

-

300-500oC, remove amorphous

57-59, 63, 64

66-69, 91

72

Chromatograph

+

+

-

Microfiltration
Microwave
treatment

+

+

-

carbon and small diameter
SWNTs
separate SWNTs with high purity
small scale
small scale, high yield

+

+

+

work together with HCl treatment,

62-65
73

161

71

efficient to remove carbon layer
over metal, small scale
Magnetic
purification

-

-

+

Effective (+); Ineffective (-).

59

remove metal

162

The thermal treatment of SWNTs in air or oxygen was reported to remove amorphous
carbon.57-59,63,64,161 This purification method is based on the different burning rates
of SWNTs and carbonaceous impurities as a function of temperature.
Column chromatography with vacuum filtration67 and size exclusion chromatography
(SEC)66 have been used to purify aqueous suspension of SWNTs. High performance
liquid chromatography (HPLC) has also been used to purify SWNTs. Our group has
purified soluble amide-functionalized SWNTs dissolved in tetrahydrofuran91 by HPLC
technique with a styragel HMW7 column68 and a PLgel MIXED-A column in
tetrahydrofuran (THF).69
Other purification methods reported in the literature involve microfiltration based on
size separation,71 microwave heating to oxidize the carbon passivation layer over the
metal catalysts,72 and magnetic purification to remove the metal catalysts.162 In spite
of the worldwide efforts to develop purification procedure, there is no any method that
will reliably and efficiently produce high quality SWNTs on a large scale.
The electric arc (EA) charge is a widely used method for synthesis of SWNTs, and
one part of my research has focused on the use of nitric acid to purify EA-SWNTs. In
this chapter, the purification of nitric acid treated SWNTs from the EA process is
discussed. The chapter starts with a quantitative evaluation of the effects of nitric acid
treatment on SWNTs, followed by a detailed discussion of different purification
procedures, including CFF, chemical treatment, and centrifugation. The efficiency of
different purification methods was monitored at a quantitative level by using near-IR
(NIR) spectroscopy.
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2.1. Effects of nitric acid treatment on SWNTs
Among a large number of purification methods reported, refluxing nitric acid has
probably been the treatment that has been employed most often, at least as the initial
step in a purification; yet, there is very little quantitative information on the effects of this
reagent on SWNTs.26,55,56,58,60,62-65,72,163-166
Purportedly the major function of nitric acid treatment is to remove metal catalysts,
perhaps together with some of the amorphous carbon.56,62 Since it is an oxidant, nitric
acid can oxidize carbon atoms at the ends and at defect sites of SWNTs. Refluxing or
sonicating SWNTs in nitric acid opens the ends of the SWNTs160 and thereby
introduces carboxylic acid groups at the ends or at defect sites of SWNTs.26,91,92,155158 Nitric acid treatment can also cause damage to the wall of SWNTs72 and thus
produce carbonaceous impurities.62 In the presence of another oxidant like sulfuric acid,
concentrated nitric acid can even cut SWNTs into short pieces.26 Nitric acid molecules
or NOx residues can intercalate between SWNTs163 and cause changes in the Raman
spectra of SWNTs by doping effects. 64 The doping of the SWNTs induced by nitric
acid treatment also leads to changes in the interband electronic transitions observable
in the far-IR (FIR) and NIR spectra.88
The effect of treating SWNTs with refluxing 3 M nitric acid over varying periods of
time has been reported.55 They used transmission electron microscopy (TEM), thermogravimetric analysis (TGA), and Raman spectroscopy to characterize the SWNTs after
nitric acid treatment and found that refluxing SWNTs in 3 M nitric acid for 4 and 16 h not
only removed most of the metal catalysts, but also consumed a significant fraction of the
nanotubes. This effect magnified when the treatment was extended to 48 hours. TEM
was used in a study of the sensitivity of SWNTs to a series of chemical processing
steps, some of which involved nitric acid.56 Very recently, a systematic investigation of
the effects of chemical oxidation on the structure of SWNTs produced by chemical
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vapor deposition (CVD) was reported in experiments using 2.6M nitric acid,
concentrated

sulfuric

acid

with

concentrated

nitric

acid,

and

potassium

permanganate.166 By using infrared spectroscopy and TEM, the authors found that
dilute nitric acid works as a mild oxidant and introduces carboxylic acid groups only at
those sites which contained defects before the nitric acid treatment. Despite the many
high quality investigations of the effects of nitric acid on SWNTs, we are unaware of any
studies that couple the yields of the SWNTs with a quantitative measure of product
purity. Both pieces of information are necessary to assess the efficiency of a purification
process.
Solution phase NIR spectroscopy provides a method to evaluate the relative
carbonaceous purity of EA produced SWNTs (see Chapter one).74 With this powerful
tool, we can investigate the effects of nitric acid treatment on SWNTs, and further find
the optimal method for the purification of SWNTs.159
2.1.1. NIR Spectroscopy Analysis of Nitric Acid Treated SWNTs
In order to understand the effects of nitric acid treatment of SWNTs, AP-SWNTs have
been refluxed in 3M, 7M, and 16M HNO3 for different periods of time. The samples were
then characterized by NIR spectroscopy (purity evaluation), titration (presence
concentration of acidic sites), and mid-IR spectroscopy (presence of carboxylic acid
functional group).
The spectroscopic samples were prepared by sonicating the SWNT sample in DMF
for 10 min with subsequent dilution to a concentration of ~ 0.01 mg/mL. The sonicated
DMF dispersions of the SWNTs were visually homogeneous. Figures 2.1 and 2.2 show
the NIR spectra of the AP-SWNTs and the nitric acid treated SWNT samples.
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Figure 2.1: Vis-NIR spectra (DMF solution) of AP-SWNTs (solid line) and the products
of 3M nitric acid treated for 12 hours (dotted line), 24 hours (dashed-dotted line), and 48
hours (dashed line).
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Figure 2.2: Vis-NIR spectra (DMF solution) of the products of 7M nitric acid treated for 6
hours (solid line) and 12 hours (dashed line), and 16M nitric acid treated for 6 hours
(dashed-dotted line) and 12 hours (dotted line).
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The content of SWNTs in an unknown sample should be evaluated by reference to a
100% pure SWNT sample. However, an analytically pure SWNT sample is not yet
available and we choose a previously reported high purity sample as reference (RSWNT = R2).74 R-SWNT sample is a piece of the extremely thin, homogeneous and
web-like film of SWNTs directly obtained from the arc chamber without any chemical
processing. SEM image of a fragment of this SWNT sample shows that the material
consists almost solely of SWNTs without any visible traces of impurities.74 In what
follows, the content of SWNTs in R-SWNT is set to 100% in order to analyze our results.
By using the previously reported method, the carbonaceous content of SWNTs (CSWNT) in an arbitrary SWNT sample can be calculated from
C-SWNT= [AA(S, SWNT)/AA(T, SWNT)]/ [AA(S, R-SWNT)/AA(T, R-SWNT)]
in which the areal absorption values (AA) are obtained by integration of the NIR spectra
between the spectral cutoffs of SCL=7750 and SCH=11750 cm-1 (chosen to capture the
S22 interband transition). AA(T, SWNT) and AA(T, R-SWNT) are the total areas of the
SWNT sample and R-SWNT under the full spectrum, whereas AA(S, SWNT) and AA(S,
R-SWNT) are the areas of the SWNT sample and R-SWNT under the S22 absorptions
after base line correction, respectively. Figure 2.3 illustrates the method for evaluation
of the content of SWNTs in AP-SWNTs. The NIR spectroscopic technique was used to
evaluate the efficiency of the purification methods and the results are discussed below.
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Figure 2.3: Schematic illustration of purity evaluation. (a) Absorption spectrum of
reference sample R-SWNT in DMF in the range of the S22 interband transition before
(top frame) and after (bottom frame) baseline subtraction. The ratio of the areal
absorptions (AA; note the change in terminology from our previous work,74 where this
quantity was denoted A) in the bottom and top frames, AA(S, R-SWNT)/AA(T, R-SWNT)
is equal to 0.141. (b) Absorption spectrum of AP-SWNTs sample in DMF before (bottom
frame) and after (top frame) baseline subtraction. The ratio of AA(S, AP-SWNTs)/AA(T,
AP-SWNTs) is equal to 0.058. Thus, the content of SWNT in AP-SWNTs is estimated to
be 41% (0.058/0.141).
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Since the S11 interband transition can be affected by doping with nitric acid,88 the S22
absorption is chosen for evaluating the content of SWNTs. In order to confirm that the
S22 interband transition is not significantly affected by nitric acid treatment, the NIR
spectrum of every sample has been studied in film form with vacuum annealing. The
films of nitric acid treated SWNTs were prepared by spraying SWNTs dispersion in DMF
onto a heated glass substrate. After heating at 350oC under vacuum (10-6 Torr) for 90
minutes, the films were used to record the NIR spectra (Figure 2.4 and 2.5). The NIR
spectra show that the intensity of S11 band gap increases significantly after vacuum
annealing. However, the change of purity based on the intensity of S22 band gap before
and after vacuum annealing is small (<4%, as shown in Table 2.2). Therefore, the S22
interband transition provides a reliable evaluation of the content of SWNTs in the
samples.
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Figure 2.4: Vis-NIR spectra (films on glass substrates) of 3M nitric acid treated SWNTs
before (solid line) and after (dashed line) vacuum annealing at 350oC for 90 minutes.
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Figure 2.5: Vis-NIR spectra (films on glass substrates) of 7M and 16M nitric acid treated
SWNTs before (solid line) and after (dashed line) vacuum annealing at 350oC for 90
minutes.
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Table 2.2: Carbonaceous purity of nitric acid treated SWNTs as a function of sample
preparation.

Purity (%)
Sample

Dispersion in DMF

Film

Film annealed at 350oC for 90 min under vac.

3M/12h

36

34

37

3M/24h

20

21

25

3M/48h

22

24

27

7M/6h

31

33

37

7M/12h

20

23

27

16M/6h

24

21

24

16M/12h

2

2

3
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Figure 2.6. and 2.7. show the TGA analysis of AP-SWNTs and nitric acid treated
products. The weight loss derivative curves (-dW/dT) are directly reflect the occurrence
of thermal events (such as the onset of burning) as a function of temperature. The TGA
derivative curve of AP-SWNTs shows two broad peaks that are assigned to amorphous
carbon (around 350oC) and SWNTs (around 425oC).72,167 In the TGA curves of the
nitric acid treated products, all of the peaks shift to higher temperatures due to the
(partial) removal of the metal catalyst, and the SWNTs burned at about 540oC.72,167
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Figure 2.6: TGA data (in air flow, with a heating rate of 5oC) of AP-SWNTs and 3M nitric
acid treated SWNTs. The solid lines are the weight versus temperature, and the dashed
lines are weight loss derivative curves (µg/min).
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Figure 2.7: TGA data (in air flow, with a heating rate of 5oC) of 7M and 16M nitric acid
treated SWNTs. The solid lines are the weight versus temperature, and the dashed
lines are weight loss derivative curves (µg/min).
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The TGA data provides the weight percentage (wt%) of the metal oxide residue (Y2O3
and NiO). This number must be converted back to the wt% of metal (MET%) by
subtracting the oxygen in the residue. The average wt% of oxygen in NiO and Ni2O3 can
be calculated as:
AW(O) ÷ [(AW(Ni) + AW(O)] × 100% = 21%,
and the wt% of oxygen in Y2O3 can be calculated as:
[3 × AW(O)] ÷ [2 × AW(Y) + 3 × AW(O)] ×100% = 21%,
in which AW(Ni), AW(O) and AW(Y) are the atomic weight of nickel (59), oxygen (16)
and yttrium (89), respectively. Assuming the mole ratio of nickel to yttrium in SWNTs
sample is 4:1 (electrode composition), the average wt% of oxygen in the metal oxide
residue can be calculated as:
average wt% of oxygen = (21% × 0.8) + (21%× 0.2) = 21%.
wt% of metal (MET%) = residue% × (1 - 0.21),
in which residue% is the original wt% of metal oxide residue from TGA data.
This information together with the carbonaceous SWNT content (C-SWNT%) in the
samples allows us to calculate the weight percentage of SWNTs (SWNT%) and
carbonaceous impurities (CIMP%), within the assumptions of the model:
SWNT% = C-SWNT% (100% - MET%)/100
CIMP% = 100% - MET% - SWNT%
Table 2.3 lists the SWNTs content of the samples and the yield of nitric acid treated
SWNTs. Within the approximations discussed above, it is possible to construct a plot of
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the weight percentages of every component resulting from the nitric acid treatment
(Figure 2.8).
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Table 2.3: Analysis of AP-SWNTs and Nitric Acid Treated SWNTs a

Sample

YLD%

C-SWNT%b

MET%c

SWNT%d CIMP%e

Metal

Carbon

Weight Loss Weight Loss
AP-SWNTS

-

41

29.2

29

42

(mg)
-

(mg)
-

3M HNO3/12h

69

36

6.5

34

60

247

63

3M HNO3/24h

63

20

4.8

19

76

262

108

3M HNO3/48h

58

22

3.0

21

76

275

145

7M HNO3/6h

65

31

4.4

30

66

264

86

7M HNO3/12h

46

20

4.1

19

77

273

267

16M HNO3/6h

28

24

3.5

23

73

282

438

16M HNO3/12h

14

2

0.2

2

98

292

568

a

Based on an AP-SWNTs starting sample of 1g.
SWNT carbonaceous purity is given by
C-SWNT% = [AA(S, SWNT)/AA(T, SWNT)]/ [AA(S, R-SWNT)/AA(T, R-SWNT)]×100%,
in which AA(S, R-SWNT)/AA(T, R-SWNT)=0.141 (R-SWNT = R2).
c
MET% is the wt% of metal in the SWNT sample, after correction for metal oxide
formation. MET% = residue% × (1-0.21), in which residue% is the original wt% of metal
oxide residue from TGA analysis, and the average wt% of oxygen in the metal oxide
residue (Y2O3 and NiO) is about 21%.
d
SWNT% is the wt% of SWNTs in the SWNT sample.
e
CIMP% is the wt% of carbonaceous impurity in the SWNT sample.

b
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Figure 2.8: Mass balance of the normalized wt% of all components including SWNT,
MET (metal), CIMP (carbonaceous impurities), and weight loss of the SWNT samples.
Reference value=[AA(S, R-SWNT)/AA(T, R-SWNT)]=0.141.
SWNT weight% = SWNT% × YLD%/100.
Metal weight% = MET% × YLD%/100.
Carbonaceous impurities weight% = CIMP% × YLD%/100.
Lost weight% = 100% - YLD%.
SWNT weight% + Metal weight% + Carbonaceous impurities weight% + Lost weight% =
100%.
The data of SWNT%, MET%, CIMP%, and YLD% are taken from Table 2.3.
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As noted above, in its present state of refinement, the NIR analysis is only capable of
providing the relative (carbonaceous) purities and thus provides an upper bound on the
SWNT content. The results of analysis in Table 2.3 and Figure 2.8 have tested to a
rescaling in which the reference value (R-SWNT) in the NIR analysis is multiplied by 1.5
(that is, [AA(S, R-SWNT)/AA(T, R-SWNT)] is set to 0.21 instead of 0.141),74 and the
conclusions are found to be unaffected (Table 2.4 and Figure 2.9).
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Table 2.4: Analysis of AP-SWNTs and Nitric Acid Treated SWNTs a
Sample

YLD%

C-SWNT%b

MET%c

SWNT%d CIMP%e

Metal

Carbon

Weight Loss

Weight Loss

AP-SWNTS

-

27

29.2

19

52

(mg)
-

(mg)
-

3M HNO3/12h

69

22

6.5

21

73

247

63

3M HNO3/24h

63

13

4.8

12

83

262

108

3M HNO3/48h

58

15

3.0

15

82

275

145

7M HNO3/6h

65

21

4.4

20

76

264

86

7M HNO3/12h

46

13

4.1

12

83

273

267

16M HNO3/6h

28

16

3.5

15

81

282

438

16M HNO3/12h

14

1.3

0.2

1

98

292

568

a

Based on an AP-SWNTs starting sample of 1g.
SWNT carbonaceous purity is given by
C-SWNT% = [AA(S, SWNT)/AA(T, SWNT)]/ [AA(S, R-SWNT)/AA(T, R-SWNT)]×100%,
in which AA(S, R-SWNT)/AA(T, R-SWNT)=0.21 (R-SWNT = 1.5 × R2).
c
MET% is the wt% of metal in the SWNT sample, after correction for metal oxide
formation. MET% = residue% × (1-0.21), in which residue% is the original wt% of metal
oxide residue from TGA analysis, and the average wt% of oxygen in the metal oxide
residue (Y2O3 and NiO) is about 21%.
d
SWNT% is the wt% of SWNTs in the SWNT sample.
e
CIMP% is the wt% of carbonaceous impurity in the SWNT sample.

b
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Figure 2.9: Mass balance of the normalized wt% of all components including SWNT,
MET (metal), CIMP (carbonaceous impurities), and weight loss of the SWNT samples.
Reference value=[AA(S, R-SWNT)/AA(T, R-SWNT)]=0.21.
SWNT weight% = SWNT% × YLD%/100.
Metal weight% = MET% × YLD%/100.
Carbonaceous impurities weight% = CIMP% × YLD%/100.
Lost weight% = 100% - YLD%.
SWNT weight% + Metal weight% + Carbonaceous impurities weight% + Lost weight% =
100%.
The data of SWNT%, MET%, CIMP%, and YLD% are taken from Table 2.4.
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It is found that the effect of nitric acid treatment on the SWNTs depended on both the
refluxing time and the concentration of nitric acid. After refluxing AP-SWNTs in 3M nitric
acid for 12 hours, 69% of the starting material remained and the carbonaceous SWNTs
content in the product was reduced to 36% from 41% in the starting material. The
decrease in SWNT content indicates that even under the mildest conditions, treatment
with nitric acid destroys SWNTs,168 and produces additional carbonaceous impurities
in the sample. After refluxing AP-SWNTs in 3M nitric acid for 24 hours, the yield drops
to 63% and the content of SWNTs is reduced to 20%. The content of SWNTs in the
3M/48h product was similar to that of 3M/24h product but with lower yield, which
indicates the progressive removal of SWNTs and carbonaceous impurities.
Refluxing in 7 and 16 M nitric acid provide harsher conditions than refluxing in 3 M
nitric acid, and this is reflected in the yields of SWNTs obtained under these conditions:
65% (7 M HNO3/6 h) and 28% (16 M HNO3/6 h). Obviously, the application of 7 and 16
M nitric acid provides very strongly acid and oxidizing conditions so that a large amount
of the SWNTs are consumed by the processing. The destruction of the SWNTs leads to
the production of amorphous carbon, and this leads to a decrease in the fraction of
SWNTs in the product. After treatment of the AP-SWNTs in 16 M nitric acid for 12 h the
yield falls to 14% and the content of SWNTs is reduced to 2%. Hence, these latter
conditions lead to virtually complete destruction of the SWNTs originally present in the
sample.
The SWNT% remaining in the sample after 3 M HNO3/12 h and 7 M HNO3/6 h
treatments is higher than that found in other samples. In this respect, these treatments
represent purifications of the AP-SWNTs with respect to total impurities (metal and
carbonaceous). However, the amount of metal remaining after the 3 M HNO3/12 h and 7
M HNO3/6 h treatments was slightly higher than was found in the other nitric acid
treated SWNT samples.
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The nitric acid treated samples were also examined by SEM (Figure 2.10 and 2.11).
A typical image of AP-SWNTs containing about 41% of SWNTs is given in Figure 2.10.
a, and the image shows that the sample contains a large fraction of nanotubes together
with impurities. After refluxing in 16M nitric acid for 6 hours, the content of SWNT
decreases to 24% and the presence of amorphous carbon is apparent in the SEM
image (Figure 2.11. c). The 16M/12h product, which has SWNT content of about 2%,
contains a great deal of amorphous carbon with very small amount of SWNTs (Figure
2.11. d). It should be noted that the SEM images of SWNT samples with small
difference in the content of SWNTs are very similar and this makes clear the limitations
of SEM as an analytical tool for the evaluation of SWNT purity.

82

AP-SWNTs

3M/12h

3M/24h

3M/48h

Figure 2.10: SEM images of AP-SWNTs and 3M nitric acid treated SWNTs.
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Figure 2.11: SEM images of 7M and 16M nitric acid treated SWNTs.
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2.1.2. Determination of the Concentration of Acidic Sites on Nitric Acid Treated SWNTs
Another important effect of the nitric acid treatment is the introduction of carboxylic
acid groups at the open ends and defect sites of SWNTs. These carboxylic acid groups
play a crucial role in the functionalization of SWNTs, since they can react with other
organic molecules such as alcohols and amines (Chapter Three). The mid-IR spectra of
the nitric acid treated SWNTs show a characteristic peak centered at 1710 cm-1, which
can be assigned to the carbonyl stretch vibrations of the carboxylic acid.91,92,166
Since the reaction conditions of nitric acid treatment are different, it is important to
determine the concentration of these acidic sites in the SWNTs. The density of the
surface defect sites of SWNTs has been reported by measuring the amount of CO2 (g)
and CO (g) produced by heating purified SWNTs.169 The estimated concentration of
defective carbon atoms in purified SWNTs determined by this method is ~5 atom%.
Calibrated energy dispersive X-ray spectroscopy (EDS) showed ~4 atom% oxygen
atoms in purified SWNTs.158 Acid-base titration has been used to determine the acidic
and basic character of the surfaces of a wide variety of carbon materials.170-173 The
reported density of acidic surface groups in nitric acid treated MWNTs is in the range of
1.0×1020 - 2.5 ×1020 acid sites/g (0.2-0.5 atom%).174,175 The total density of acidic
sites (including carboxylic acids, phenols and lactones) can be determined by titration
with NaOH.
We have used acid-base titration to measure the concentration of acidic sites on nitric
acid treated SWNTs.156 Commercially available SWNTs, including TAR-P SWNTs
(from Tubes @Rice, purified laser-produced SWNTs from Rice University) and the CLIP (from CarboLex, purified EA produced SWNTs from Carbolex), were used for the
acid-base titration.
Prior to titration, all SWNT samples were washed with de-ionized water to remove
any acidic residues left in the samples. The air-dried samples were heated at 100oC for

85

0.5 hours under vacuum to degas absorbed carbon dioxide and water. After this
pretreatment, the SWNT samples were stirred in 0.05M of NaOH solution for 1 day.
Then the mixture was filtered and the filtrate was collected. The filtrate was titrated by
0.05M of HCl solution to give an estimate of the amount of NaOH that reacted with
acidic sites on SWNTs. The amount of carbon in SWNTs is estimated by assuming that
the SWNTs are solely composed of carbon. Table 2.5 summarizes the mole
percentages of acidic sites in the SWNT samples. The different commercial samples
give fairly consistent results: the acidic sites in SWNT are about 1-3%.
For nitric acid treated SWNTs, the concentration of acidic sites varies from 4.8 to
10.7%. Increasing the concentration of the nitric acid or the reflux time, the
concentration of acidic sites increases. As shown in Table 2.5, the 3M/12h treatment
introduced 4.8% of acidic sites, whereas 3M/24h and 3M/48h introduced 5.7% and
9.5%, respectively. For the same reflux time, higher concentrations of nitric acid
treatment produce more acidic sites. Apparently, stronger nitric acid treatment condition
can induce more defects in SWNTs and thus produce more acidic sites.
The acid-base titration method has also been used to determine the acidity of other
forms of carbon, such as MWNTs, carbon black and amorphous carbon. MWNTs and
carbon black were refluxed in 3M HNO3 for 24 hours, while amorphous carbon was
refluxed in 7M HNO3 for 6 hours. The mole percentage of total acidic sites on HNO3
treated MWNTs and carbon black are around 1.2% and 2%, respectively. The
amorphous carbon with 7M/6h treatment has a higher concentration of acidic sites of
8.3% than that of SWNTs with the same 7M/6h treatment.
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Table 2.5: Concentration of acidic sites in CNTs and carbonaceous materials.

Sample
Nitric acid treated SWNTs (3M/12h)
Nitric acid treated SWNTs (3M/24h)
Nitric acid treated SWNTs (3M/48h)
Nitric acid treated SWNTs (7M/6h)
Nitric acid treated SWNTs (7M/12h)
Nitric acid treated SWNTs (16M/6h)
Nitric acid treated amorphous carbon (7M/6h)
TAR-P (Tubes@Rice )
CLI-P (CarboLex)
Nitric acid treated MWNT (3M/24h)
Carbon black (3M/24h)
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Concentration of Acidic sites
(mol%)
4.8
5.7
9.5
6.0
10.7
7.8
8.3
1.5
2.0
1.2
2.0

As discussed above, nitric acid treatment consumes SWNTs and produces
carbonaceous impurities under all conditions. Nevertheless, the nitric acid treatment is
still useful as the first step in many purification schemes. With the ability to dissolve the
metal catalyst, attack amorphous carbon, intercalate SWNTs and break large particles,
the nitric acid treatment can be a viable first step for SWNT purification. The key to
achieving high purity SWNTs is a subsequent process for removing the carbonaceous
impurities that remain in the sample after nitric acid treatment. In the following sections,
several purification methods were applied to purify nitric acid treated SWNTs. Chemical
treatment such as hydrogen peroxide refluxing produces purified SWNTs with reduced
functionalities,

whereas

physical

treatment

such

as

centrifugation give purified SWNTs with high functionalities.
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cross-flow

filtration

and

2.2. Purification Method 1: Synthesis of Purified SWNTs with Low Functionalities
We have investigated the purification of EA produced SWNTs by using chemical
reagents. Hydrogen peroxide is a medium strong oxidant that can oxidize carbon.
Refluxing small diameter SWNTs, such as HiPco SWNTs (d=0.8 nm), in hydrogen
peroxide can lead to the total loss of the material. For EA produced SWNTs (d=1.4 nm),
this treatment can be used to remove amorphous carbon. In this section, we discuss the
use of hydrogen peroxide treatment for subsequent purification of 3M/24h and 7M/6h
nitric acid treated SWNTs.
2.2.1. Purification Method 1a: Refluxing in 3M Nitric Acid for 24 Hours, Followed by 30%
Hydrogen Peroxide Treatment
In a general purification procedure, AP-SWNTs were refluxed in 3M nitric acid for 24
hours. The mixture was filtered and the solid was collected on the membrane. The dried
products were then refluxed in 30% hydrogen peroxide for 10 hours to produce purified
SWNTs (p-1a-SWNT). Typically, the yield of p-1a-SWNT varied from 25 to 30%. Based
on the NIR evaluation method, the purity of p-1a-SWNT varied from 45 to 65%
depending on the purity of the AP-SWNTs (30~50%) (Figure 2.12).
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Figure 2.12: Vis-NIR spectra (in DMF) of AP-SWNTs (solid line), 3M/24h treated
SWNTs (dotted line), and p-1a-SWNT (dashed line).
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The purity of 3M nitric acid treated SWNT intermediate is lower than that of the
starting AP-SWNTs, because nitric acid consumes SWNTs and generates amorphous
carbon. The following hydrogen peroxide treatment increases the purity of SWNTs. The
SEM images of AP-SWNTs, nitric acid treated SWNTs, and p-1a-SWNT shown in
Figure 2.13 also indicate that p-1a-SWNT has the highest purity. The images of the
nitric acid treated SWNTs shows that the tubes are coated with a lot of amorphous
carbon, which is a decomposition product of carbonaceous materials in nitric acid. The
surface of p-1a-SWNT is much cleaner, indicating that hydrogen peroxide treatment is
quite efficient for the removal of the amorphous carbon. However, carbon nanoparticles
can still be found in both of these samples.
The TEM technique provides a means to investigate the structure of the
nanoparticles. TEM images of AP-SWNTs show that SWNTs are in the form of bundles
together with amorphous carbon. The dark particles in the multi-shell carbon particles
are metal catalyst (Figure 2.14), which is not transparent to the electron beams. TEM
images of p-1a-SWNT (Figure 2.15) show that the SWNTs are still in bundles and the
surface is covered with a small amount of amorphous carbon. Empty multi-shell carbon
nanoparticles are present, which indicate that the nitric acid procedure removes metal
catalysts encapsulated in them. However, this purification method is not efficient
enough to remove the multi-shell carbon nanoparticles.
The length distribution of p-1a-SWNT (Figure 2.16) was determined by AFM
measurements. The length distribution illustrates that about 70% of the p-1a-SWNT falls
in the range of 300 to 700 nm (Figure 2.17).
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a)

b)

c)

Figure 2.13: SEM image of (a) AP-SWNTs, (b) nitric acid treated SWNTs, and (c) p-1aSWNT.
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Figure 2.14: TEM images of AP-SWNTs.
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Figure 2.15: TEM images of p-1a-SWNT. The white arrows show the empty multi-shell
carbon nanoparticles.
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Figure 2.16: AFM images (on mica substrate, from DMF dispersion) of p-1a-SWNT.
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Figure 2.17: Length distribution of p-1a-SWNT obtained by measuring the AFM images
of ~200 nanotubes.
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Another important result is that, according to the mid-IR spectra (Figure 2.18), the
intensity of the absorption of carbonyl stretch from the carboxylic acid groups decreased,
which indicated that p-1a-SWNT has less functionalities than the nitric acid treated
SWNT. For nitric acid treated SWNTs, there is a signal at 1710 cm-1, which can be
attributed to the carbonyl stretch from the carboxylic acid groups. The hydrogen
peroxide treatment removes some of the carboxylic acid groups on SWNTs. This result
has also been demonstrated by acid-base titration method, which is discussed before
(see 2.1.2). The mole percentage of total acidic sites is 1-2%. The reduced functionality
of the p-1a-SWNT leads to a reduced chemical reactivity.
The Raman spectrum of p-1a-SWNT (Figure 2.19) shows an upshift of both radial
and tangential mode, which may be due to the doping effect of the nitric acid treatment.
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Figure 2.18: Mid-IR spectra (film samples on ZnSe substrates) of AP-SWNTs, 3M/24h
nitric acid treated SWNTs, and p-1a-SWNT.
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Figure 2.19: Raman spectra (film samples on ZnSe substrates) of AP-SWNTs and p-1aSWNT.
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Thermal treatment is efficient in the purification of CNTs and heating CNTs in air or
oxygen can remove carbonaceous impurities such as amorphous carbon.5759,63,64,72,161,168 This purification procedure can be regarded as a selective
oxidative etching process, based on the fact that the etching temperature of amorphous
carbon is lower than that of CNTs. On the other hand, further thermal treatment of CNTs,
using higher heating temperature or longer heating time, can also lead to pyrolysis of
CNTs.57,161 Some other impurities, including metal catalysts and carbon nanoparticles,
cannot be removed by thermal treatment since they have a higher burning temperature
than CNTs. Furthermore, the presence of metal catalyst lowers the decomposition
temperature of the SWNTs. Therefore, it is important to control the heating temperature
and time to obtain a product with high yield and purity.
Thermal treatment of p-1a-SWNT has been investigated. p-1a-SWNT was obtained
as previously described. The film of p-1a-SWNT samples was prepared as follow: p-1aSWNT was sonicated in DMF for 30 minutes to obtain a homogeneous suspension.
Then the p-1a-SWNT suspension was sprayed on a heated glass substrate (< 160oC).
After drying, the film was heated in an oven under an air environment at 350oC for
different periods of time (90 minutes, 3 hours, 6 hours, 12 hours, and 24 hours).
The advantage of using the film is that the amount of SWNT material on the glass
substrate is very small (<0.1 mg on 1×1cm) and the film is very thin. Such thin films
provide a large surface and can be heated homogeneously in the oven. The NIR
spectra of the films heated at 350oC for different period of time are used to evaluate the
purity of thermally treated SWNTs (Figure 2.20). As shown in Table 2.6, the purity of the
starting p-1a-SWNT is 47%. The purity of the thermally treated p-1a-SWNT changes
with different heating time. After heating for 12 hours, the purity of the thermally treated
p-1a-SWNT reaches 87%, while 24-hour thermal treatment of p-1a-SWNT film
decreases the purity to 65%.
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Figure 2.20: Vis-NIR spectra of p-1a-SWNT (film on glass substrate) heated in air at
350oC for different periods of time.
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Table 2.6: Purity (of R2) of p-1a-SWNT after thermal treatment (film on glass substrate).

Sample

Purity (%)

p-1a-SWNT

47

heated for 90 min

61

heated for 3 hours

66

heated for 6 hours

72

heated for 12 hours

87

heated for 24 hours

65
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The drawback of using films for the thermal treatment is that due to the small amount
of SWNTs used for substrate preparation, it is very difficult to estimate the weight loss
during thermal treatment. Using bulk samples for thermal treatment can solve this
problem. Before the thermal treatment of bulk sample, the p-1a-SWNT sample was
ground into a fine powder and spread evenly in a 1×2cm glass boat. The bulk sample
(100 mg) was heated at 350oC in air for 12 hours to repeat the best conditions for the
film sample. The weight loss during heating was about 31%. However, the result of the
thermal treatment of the bulk sample is much different compared to that of the film
sample. The purity of the 12-hour thermally treated bulk sample is only 54% (Figure
2.21). Although this purity is higher than the starting p-1a-SWNT, it is much lower than
that of the film samples.
Further studies are necessary to optimize the conditions for thermal treatment of bulk
samples. Since the sample size of bulk sample is much larger than that of the film
sample, a longer heating time may lead to a thorough treatment of the whole sample.
Another approach would involve heating the bulk sample in a rotating container as this
may lead to a homogeneous treatment of the bulk sample.
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Figure 2.21: Vis-NIR spectra of film (solid line, 87% of purity) and bulk (dashed line,
54% of purity) samples p-1a-SWNT heated at 350oC for 12 hours.
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2.2.2. Purification Method 1b: Refluxing in 7M Nitric Acid for 6 Hours, Followed by 30%
Hydrogen Peroxide Treatment
According to the results in Figure 2.8, 7M/6h treatment of AP-SWNTs can remove
most of the metal and produces less amorphous carbon. So it was used instead of the
3M/24h treatment as the first step to purify SWNTs.
In a general purification procedure, AP-SWNTs were refluxed in 7M nitric acid for 6
hours. The mixture was filtered and the solid was collected. After drying, the nitric acid
treated intermediate was refluxed in 30% hydrogen peroxide for 10 hours. The final
product (p-1b-SWNT) had a typical yield of 20%, which is slightly lower than that of p1a-SWNT. NIR study shows p-1b-SWNT has a purity of 83% (Figure 2.22), which is
higher than that of p-1a-SWNT. SEM image of p-1b-SWNTs also shows the product has
a high purity (Figure 2.23). From the mid-IR spectrum (Figure 2.24), the intensity of the
absorption of carbonyl stretch band from the carboxylic acid groups decreased
compared to that of the nitric acid treated SWNTs, which indicated that p-1b-SWNT has
reduced functionalities as p-1a-SWNT. The mole percentage of total acidic sites is 2-3%
obtained from acid-base titration.
These results show the properties of p-1b-SWNT are same as that of p-1a-SWNT but
with a higher purity. This reaction condition can be regarded as an optimized purification
method to produce SWNTs with reduced functionalities.
.
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Figure 2.22: Vis-NIR spectra of AP-SWNTs (solid line, 30% of purity), and p-1b-SWNT
(dashed line, 83% of purity).
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Figure 2.23: SEM image of p-1b-SWNT.
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Figure 2.24: Mid-IR spectra (film samples on ZnSe substrates) of AP-SWNTs, 7M/6h
nitric acid treated SWNT, and p-1b-SWNT.
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2.3. Purification Method 2: Synthesis of Purified SWNTs with High Functionalities
In some applications, especially the chemical functionalization of SWNTs, high
functionality of the SWNTs is desired. Therefore, it is necessary to find new purification
methods to obtain SWNTs with high functionalities and high purity. Several methods,
including modified cross-flow filtration and centrifugation, were applied to purify SWNTs
with high functionalities.
2.3.1. Purification method 2a: modified cross-flow filtration (CFF)
Literature Method: In the reported CFF procedure,73 pulsed laser vaporization (PLV)
produced SWNT raw material was refluxed in 2-3M nitric acid for 45 hours to remove
metal catalysts. After refluxing the mixture was centrifuged and the upper layer was
decanted. DI-water was added to the sediment and such centrifugation-decantationresuspension cycle was repeated for 3-4 times. After that, the sediment was neutralized
with NaOH and suspended in Triton X-100 (0.5 vol%) aqueous surfactant solution by 1hour sonication (bath sonicator). The SWNT containing surfactant solution was then
pumped though a hollow-fiber CFF cartridge (pore size=200 nm), the wall of which was
permeable to solvent and particles smaller than 200 nm (Figure 2.25). Impurities smaller
than the pores eluted and the remaining material was repeatedly pumped though the
cartridge for about 10 hours. During the CFF purification, buffer solution containing
NaOH solution (pH=10) and Triton X-100 (0.3 vol%) solution was added to the system.
After the CFF procedure, the solution was concentrated and filtered though a
membrane. The solid was washed with methanol and dried on the membrane (typical
yield: 10-20%).
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Figure 2.25: Schematic diagram of CFF purification.
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Our attempts to purify EA SWNTs following the literature method were unsuccessful.
Both the purity and yield of the products were difficult to reproduce. The reason may be
the lower content of SWNTs in EA SWNTs compared to PLV SWNTs. This makes the
purification of EA produced SWNTs more challenging. Furthermore, EA produced
SWNTs contain much more carbon particle impurities with sizes varying from
nanometer to micrometer range. These carbon particle impurities cannot be suspended
well in the surfactant solution, and they block the pores on the wall of CFF cartridge.
Modified Method: Based on the literature work, a modified CFF method has been
applied to purify nitric acid treated SWNTs from the EA process (Scheme 2.1). Sodium
dodecyl sulfate (SDS) was used as surfactant to suspend nitric acid treated SWNTs
after the centrifugation-decantation-resuspension cycle. The suspension was sonicated
for 5-6 hours in a bath sonicator and allowed to settle for at least 8 hours. The
sonication exfoliates the carbon particles and therefore enhances the stability of SWNTs
in surfactant solution. During the settlement, some large particles precipitated again.
The surfactant solution was decanted though filter funnel blocked with a piece of cotton.
The particles remaining in the sediment and on the cotton were discarded. This step is
important because it can remove large particles that may block the pores on the CFF
column. Since the efficiency of the CFF cartridge depends on the permeation of the
pores in its wall, it is necessary to remove any particles that may clog the pores. Thus,
during the CFF pumping process, the flow direction was changed from “pumping-up” to
“pumping-down” every 15 minutes. This step helps to remove the aggregates that clog
the pores. Finally, after the CFF process, we precipitated the purified SWNTs in the
suspension by adding concentrated HCl instead of concentrating the solution, since the
SWNTs are found to be less dispersible in acidic aqueous solution. This step will
accelerate the speed of the following filtration to collect solid product.
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Scheme 2.1: Schematic representation of CFF purification processes.
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Several batches of nitric acid treated SWNTs (about 10 grams per batch) were
purified by using this modified CFF method. It was found that results of CFF purification
were not reproducible. The total yield of CFF purified SWNTs (p-2a-SWNT) varied from
10 to 30%. By using the NIR spectroscopy evaluation method, we estimate that the
purity of p-1a-SWNT in a successful batch could be as high as 94% (Figure 2.26).
However, in some unsuccessful batches the purity was only about 20% (Table 2.7.).
The SEM images of p-2a-SWNT with different purity are shown in Figure 2.27. It can be
seen that the sample with 33% purity contains a large amount of amorphous carbon and
carbon nanoparticles. The sample with 62% purity shows higher content of SWNTs, but
it still contains some carbon nanoparticles. The SEM image of the 94% purity sample
shows less amorphous carbon and fewer carbon nanoparticles. Thus, SEM images
provide qualitative information on the composition of SWNT samples.
Mid-IR spectrum of p-2a-SWNT (Figure 2.28) shows a peak at 1710 cm-1, which can
be assigned to the carbonyl stretch of carboxylic acid. The Raman spectrum of p-2aSWNT (ωr=170cm-1, ωt=1597cm-1, Figure 2.29) is similar to that of AP-SWNTS
(ωr=160cm-1, ωt=1591cm-1).
In general, the CFF purification method is time consuming, expensive, and difficult to
reproduce. This is partly due to the fact that SWNTs can permeate through the wall of
the filter fiber. Furthermore, many impurity particles larger than the size of pore are not
separated from the SWNTs. Therefore it is necessary to find efficient purification
methods that give SWNTs with high purity.
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Table 2.7: Purity (of R2) and yield of different batches of p-2a-SWNT from modified CFF
method.
Sample
AP-SWNTs
p-2a-SWNT1
p-2a-SWNT2
p-2a-SWNT3
p-2a-SWNT4
p-2a-SWNT5
p-2a-SWNT6

Purity (%) Yield (%)
30-36
62
26
28
30
94
10
43
26
46
10
33
12
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Figure 2.26: Vis-NIR (in DMF solution) of AP-SWNTs and p-2a-SWNT.
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Figure 2.27: SEM images of three batches of p-2a-SWNT with different purity.
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Figure 2.28: Mid-IR spectra (film samples on ZnSe substrates) of AP-SWNTs and p-2aSWNT.
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Figure 2.29: Raman spectra (solid samples) of AP-SWNTs and p-2a-SWNT.
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2.3.2. Purification Method 2b: Centrifugation
Centrifugation has been used to purify nitric acid treated SWNTs.62,65,73,160 Before
the CFF procedure, a centrifugation-decantation-resuspension cycle was repeated
several times to remove some of the soluble impurities.73 It was found that as the
solution became less acidic, the supernatant (after centrifugation) became darker.
When the pH of the solution was around neutral, the solution was completely dark. By
investigating the supernatant and sediment with micro-scale filtration and electron
microscopy, the authors found that all the SWNTs contained in the sediment were
covered with a thick coating of acid decomposition products. These products, which
were generated in the decomposition of carbonaceous materials in nitric acid, had the
structure of polycyclic aromatic sheets (we referred this to as amorphous carbon). The
edges of these decomposition products are terminated with carboxylic acid groups,
which play an important role in their solubility in water. After de-protonation at high pH,
these carboxylic acid groups become deprotonated and therefore more dispersible in
water. However, the relationship between the content of the upper layer and the pH
condition are not systematically reported.
With the purity evaluation method, we can monitor the purity of SWNTs in both upper
layer and the sediment, which may lead to optimization of the centrifugation purification
method. In the following section, the centrifugation purification was investigated at
variable and constant pH conditions.
2.3.2.1. Centrifugation with Variable pH
After refluxing in 3M nitric acid for 24 hours, the SWNT were cooled to room
temperature. The upper acid layer was decanted. The centrifugation-decantationresuspension cycle was repeated 10 times. The supernatant was collected via filtration.
The purity of AP-SWNTs, supernatant, nitric acid treated SWNTs before and after
centrifugation were measured by NIR spectroscopy (Figure 2.30).
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Figure 2.30: Vis-NIR spectra of AP-SWNTs (45% purity, solid line), supernatant
obtained by centrifugation (8% purity, dashed-dotted line), nitric acid treated SWNT
before (30% purity, dashed line) and after centrifugation (45% purity, dotted line).
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After 3M nitric acid treatment, the purity of SWNT decreases from 45% to 30%, which
is due to the generation of amorphous carbon by the nitric acid treatment. The purity of
the SWNTs after centrifugation (p-2b-SWNT) increases to 45% after repeating the
centrifugation-decantation-resuspension process 10 cycles. The purity of the decanted
supernatant is only 8%, which indicates that the supernatant contains a large amount of
amorphous carbon. This result shows that centrifugation can purify nitric acid treated
SWNTs.
One phenomenon noticed during the centrifugation procedure is that the pH plays an
important role in the centrifugation procedure. When the pH of the suspension is very
low (<1), the supernatant is brown and transparent. After repeating the centrifugationdecantation-resuspension procedure several times, the pH increases (~2) and the
supernatant becomes black and opaque. Further repetition of centrifugationdecantation-resuspension procedure results in a completely black supernatant, which is
consistent with the literature result.73 An illustration of the centrifugation process is
shown in Figure 2.31. However, the efficiency of centrifugation purification at variable
pH condition is not very high, and thus the centrifugation purification at constant pH
conditions was also studied.
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Figure 2.31: Schematic diagram of centrifugation-decantation-resuspension procedure.
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2.3.2.2. Centrifugation at Constant pH
Based on previous results, we carried out the centrifugation of 3 M nitric acid treated
SWNTs under controlled pH conditions. The goal of this project is to optimize the
centrifugation conditions and therefore to separate functionalized amorphous carbon
and carbon decomposition products from SWNTs. Since amorphous carbon is more
reactive, it should contain higher concentration of carboxylic acid groups than SWNTs.
The different amount of carboxylic acid groups on those carbon materials causes the
difference in settling rates in water under different pH conditions. Amorphous carbon
and carbon decomposition products show better dispersion in the acidic aqueous
condition than SWNTs, so they remain in the supernatant after the centrifugation and
can be separated by decantation. The distribution of SWNTs between the two layers
(supernatant and sediment) is affected by a variety of factors, but is mainly influenced
by pH.
In a typical experiment, AP-SWNTs (39% purity, 10 grams) was refluxed in 3M nitric
acid (1.5 Liter) for 24 hours. After cooling to room temperature, the black mixture was
centrifuged for 15 minutes and the brown transparent supernatant was decanted. The
resulting product (L0) was obtained in a yield of 85% and a purity of 42%. Then L0 was
divided into three parts, and the pH of each part was adjusted to 3, 4, and 7,
respectively (Scheme 2.2, Figure 2.32). Each part was subjected to the centrifugationdecantation-resuspension procedure for a number of cycles. The NIR spectra of APSWNTS and L0 are shown in Figure 2.33.
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Scheme. 2.2: Purification of 3 M nitric acid treated SWNTs by centrifugation with
controlled pH method. The solid boxes are the methods and conditions. Dashed boxes
are products. L refers to the lower layer after centrifugation (sediment), whereas x refers
to the cycle number of the centrifugation-decantation-resuspension procedure.
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Figure 2.32: Schematic diagram of the final relative purities (RP) of centrifugation
purification at constant pH.
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Figure 2.33: Vis-NIR spectra (solution in DMF) of AP-SWNTs (solid line, 39% purity)
and 3M nitric acid treated product L0 (dashed line, 42% purity).
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Thus, in the centrifugation of L0 at pH 3, the sediment after each centrifugation step
was collected and labeled L1-x, where x refers to the cycle number. The supernatant for
each centrifugation was also collected and filtered though a 1.2 µm pore-size
membrane. The solid on the membrane was dried at room temperature and labeled as
U1-x (x equals the centrifugation cycle number). The purity and weight percentage of
L1-x and U1-x are shown in Figure 2.34, Figure 2.35 and Table 2.8; the weight
percentage of L1-x and U1-x is compared to the starting weight of L0. After the first
centrifugation, the purity of the sediment (L1-1) is 62%, which is much higher than that
of L1-0. In this step, about 33% weight of L1-0 is removed. The purity of the part that is
removed is only 9%, which indicates that the upper layer mostly consists carbonaceous
impurities. With further treatment, the purity of the sediment becomes higher and the
weight of U1-x falls. The purity of U1-3 is 26% whereas the weight is only 0.5%. This
indicates that most of the soluble carbonaceous impurities have been removed and a
small amount of SWNTs begin to appear in the supernatant. At this time, the purity of
the sediment reaches 82%, which is almost twice as high as that of L1-0.
The same purification was carried out with the pH of the solution fixed at 4 (L2) and 7
(L3), respectively (Figure 2.36, Figure 2.37, Figure 2.38 and Figure 2.39). The
separation efficiency of these purifications is not as good as that of L1. The purity of L22 (52%) and L3-2 (56%) are lower than that of L1-2 (76%). In both of these experiments,
the first step removes most of the dispersible impurities, just as in the pH 3 process.
Therefore, the centrifugation for 3M nitric acid treated SWNTs turned out at pH=3.
Based on the yield and purity, we conclude that 2 or 3 cycles of centrifugation is enough
to remove most of the dispersible carbonaceous impurities.
An efficiency factor was also defined for the purification process168:
Efficiency = Fractional Purity × Fractional Yield
= percentage purity × percentage yield × 10-4
As shown in Figure 2.40, the purification at pH=3 gives the best result.
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Figure 2.34: Vis-NIR spectra (solution in DMF) of L1-1 (solid line, 62% purity), L1-2
(dashed line, 76% purity), and L1-3 (dotted line, 82% purity) obtained at pH 3.
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Figure 2.35: Vis-NIR spectra (solution in DMF) of U1-1 (solid line, 9% purity), U1-2
(dashed line, 7% purity), and U1-3 (dotted line, 26% purity) obtained at pH 3.
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Figure 2.36: Vis-NIR spectra (solution in DMF) of L2-1 (solid line, 44% purity), L2-2
(dashed line, 51% purity), and L2-3 (dotted line, 52% purity) obtained at pH 4.
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Figure 2.37: Vis-NIR spectra (solution in DMF) of U2-1 (solid line, 15% purity), U2-2
(dashed line, 12% purity), and U2-3 (dotted line, 19% purity) obtained at pH 4.
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Figure 2.38: Vis-NIR spectra (solution in DMF) of L3-1 (solid line, 49% purity), L3-2
(dashed line, 53% purity), and L3-3 (dotted line, 56% purity) obtained at pH 7.
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Figure 2.39: Vis-NIR spectra (solution in DMF) of U3-1 (solid line, 2% purity), U3-2
(dashed line, 18% purity), and U3-3 (dotted line, 18% purity) obtained at pH 7.
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Table 2.8: Yield and purity (of R2) of purified nitric acid treated SWNTs by controlled pH
centrifugation.
pH

3
3
3
3
3
3
4
4
4
4
4
4
7
7
7
7
7
7

Sample
AP
L0
U1-1
U1-2
U1-3
L1-1
L1-2
L1-3
U2-1
U2-2
U2-3
L2-1
L2-2
L2-3
U3-1
U3-2
U3-3
L3-1
L3-2
L3-3

Purity (%)
39
42
9
7
26
62
76
82
15
12
19
44
51
52
2
18
18
49
53
56

Yield (%)a
85b
33
5
0.5
40
30
25
30
5
2
40
33
31
40
6
2
31
25
23

a) The yield is compared to the starting amount of L0.
b) The yield of L0 is compared to AP-SWNTs.
c) Efficiency = Purity (%) × Yield (%) × 10-4.
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Figure 2.40: Purification efficiency factor for centrifugation methods at different pH
condition.
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2.3.3. The Role of the Zeta Potential Study in the Aqueous Suspension of SWNTs and
in Purification Centrifugation
(I acknowledge Aiping Yu of her contribution to the original idea and collaboration on
this study)
There are thee states of matter, gas, liquid and solid. If one of these states is finely
dispersed in another then we have a colloidal system (particle size from 10-6 m to 10-9
m). In an aqueous colloidal system, most of the particles carry an electric charge on
their surface, and the charges may cause electrostatic repulsion between the particles.
There are two basic forces that affect the stability of a colloidal system, the electrical
double layer repulsive forces and the Van der Waals attractive forces (Figure 2.41). The
former one leads to separation of the particles and helps to disperse them in the water,
whereas the later one contributes to coagulation of the particles and leads to the
precipitation of the aggregates. To maintain colloidal stability, the repulsive forces
between the particles must be dominant.
The zeta potential is related to the overall charge a particle acquires in a specific
medium and is a very good index of the magnitude of the interaction between colloidal
particles. The charge at the particle surface affects the distribution of ions in the
surrounding interfacial region, and this is reflected in the concentration of counter ions
close to the surface. The liquid layer surrounding the particle exists as two parts; an
inner region (stern layer) where the ions are strongly bound and an outer (diffuse layer)
region where they are less firmly associated. Within this diffuse layer is a notional
boundary known as the slipping plane, and the potential at this boundary is known as
the zeta potential (Figure 2.42). Zeta potential measurements are used to assess the
stability of colloidal systems. If the particles have a large negative (<-30mV) or positive
(>30mV) zeta potential (the positive or negative sign of zeta potential depends on the
charge of the particle) they will repel each other and there is dispersion stability.
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Figure 2.41: The plot of distance between particles versus the energies between them.
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Figure. 2.42: Diagram of electrical double-layer and plot of the zeta potential versus the
distance from particle surface.
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The zeta potential has already been used to discuss the acidic density on the surface
of MWNTs and the stability of the MWNT/water colloidal system.176-182 The stability of
MWNT/water colloidal system is increased by introducing polymers181,182, which
leads to an increase of absolute value of zeta potential or a shift of isoelectric point. The
zeta potential of shortened MWNTs in water has also been measured,179 and the
author found the carboxylic acid groups introduced in the shortening step caused the
charges on the surface of MWNTs.
In this work we measured the zeta potential and the concentration of acidic sites in
order to interpret the results obtained from the centrifugation purification method. Based
on the acid-base titration results, the concentration of acidic sites on the surface of
carbonaceous impurities (CI) and acidified SWNTs are different. This leads to
differences in the zeta potential of these carbonaceous materials at a particular pH
value, which can be used to purify the SWNTs by centrifugation purification at controlled
pH.
The zeta potential of SWNTs and carbonaceous materials aqueous suspensions
(concentration: 0.05 mg/mL) were measured at 25oC. Figure 2.43 shows the zeta
potential of carbonaceous materials versus pH decreases in the order CI > purified
SWNTs > p-1b-SWNT > AP-SWNTs. Because the AP-SWNTs are neutral and
hydrophobic, the surface charge on AP-SWNTs is small and this is reflected in the
absolute value of the zeta potential that is lower than 30 mV, and the isoelectric point is
around pH 7. On the other hand, nitric acid treatment introduces acidic sites onto the
SWNTs and makes them hydrophilic. Purified SWNTs and CI were prepared by
refluxing in 7M nitric acid for 6 hours, and both have a high concentration of acidic sites.
The concentration of acidic sites of CI (9.1%) is higher than that of purified SWNTs
(6.2%), which can be attributed to the relatively higher reactivity of amorphous carbon
(the main content in CI). Such high concentration of acidic sites results in high density of
surface charges on the tubes, which is reflected by their high zeta potential. p-1b-SWNT
has reduced functionality (2.9% of acidic sites) because of its production method, and
the zeta potential value is between the value of AP-SWNTs and purified SWNTs. Apart
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from AP-SWNTs, the absolute value of zeta potential of SWNT samples is larger than
30mV over a wide pH range (from 3 to 10), which indicates that these materials are
fairly stable in water at this concentration. This result is consistent with previous reports
on acid treated MWNTs.176
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Figure 2.43: Zeta potential of acidified carbonaceous materials versus pH in aqueous
dispersion (0.05mg/mL), showing concentration of acidic sites in parenthesis.
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The relationship between the concentration of acidic sites and the zeta potential aids
in the understanding of the centrifugation purification method of nitric acid treated
SWNTs. In the centrifugation with variable pH of nitric acid treated SWNTs, the pH of
the solution at the beginning was low (pH<3). The SWNTs were not stable in the
solution phase at that pH whereas acidified amorphous carbon could be dispersed.
After repeating the centrifugation-decantation-resuspension process for several cycles,
the dispersed amorphous carbon was removed, and the pH rose with added fresh water.
The acidic groups on the SWNTs began to deprotonate and the concentration of
surface charge on the SWNTs increased. The increasing surface charge on SWNTs
helped the SWNTs to repel each other, which led to the dispersion of SWNTs in water.
When the pH further increases, more SWNTs appeared in the upper layer. This
mechanism of separation is confirmed by the measurement of the zeta potential. From
Figure 2.43, the absolute value of the zeta potential of CI is large over a wide pH range.
Materials with higher zeta potential value have higher density of surface charge, which
results in their higher stability in water.
In the centrifugation purification with constant pH, SWNTs and amorphous carbon
have different dispersity at lower pH (pH<3). The centrifugation-decantationresuspension cycle removes soluble amorphous carbon, but the SWNTs cannot be
dispersed stably since their absolute value of zeta potential is lower than 30 mV at pH 2.
When the pH increases (pH>3), both the SWNTs and amorphous carbon can be
dispersed well in water due to their high absolute value of zeta potential (>30mV), which
leads to an inefficient separation.
In order to further understand the relationship between the zeta potential and the
concentration of acidic sites on SWNTs, a series of nitric acid treated SWNTs has also
been investigated (Table 2.9, Figure 2.44). The acidic sites of the nitric acid treated
SWNTs were obtained by acid-base titration (see section 2.1.2, Table 2.5). When the
pH of the solution is 3, the absolute values of zeta potential decrease in the order
16M/6h-SWNTs>7M/12h-SWNTs>3M/48h-SWNTs>7M/6h-SWNTs>3M/24h-SWNTs.
Apparently, stronger reaction conditions (longer refluxing time and/or higher
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concentration of nitric acid) introduced more acidic sites on the SWNTs. SWNTs with
higher concentration of acidic sites have higher charge density on their surface under
proper pH condition, which leads to higher absolute value of the zeta potential.
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Table 2.9: Zeta potential of nitric acid treated SWNTs.

pH
2
3
4
5
6
7
8
10
Acidic sites (%)

3M/24h
-32.1
-46.9
-59.1
-71.6
-65.4
-57.7
-59.7
-57.3
5.7

3M/48h
-39.8
-52.1
-67.9
-68.0
-75.5
-67.5
-67.8
-66.1
9.5
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7M/6h
-31.1
-48.7
-63.5
-63.8
-67.6
-58.5
-59.1
-54.0
6.0

7M/12h
-34.6
-52.8
-61.7
-64.5
-65.5
-67.4
-63.4
-64.9
10.7

16M/6h
-46.4
-59.9
-68.9
-71.7
-71.3
-69.0
-67.8
-66.4
7.8

-30

3M/24h (5.7%)
3M/48h (9.5%)
7M/6h (6.0%)
7M/12h (10.7%)
16M/6h (7.8%)

-35

Zeta potential (mV)

-40
-45
-50
-55
-60
-65
-70
-75
2

4

6

8

10

12

pH

Figure 2.44: Zeta potential of nitric acid treated SWNTs versus pH in aqueous
dispersion (0.05mg/mL), showing concentration of acidic sites in parenthesis.
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Conclusion
Nitric acid treatment is a useful first step in many purification schemes since it can
dissolve the metal catalyst, attack amorphous carbon, intercalate SWNTs and break
large

particles.

Subsequent

processes,

including

CFF,

chemical

treatment,

centrifugation, may then be employed to remove carbonaceous impurities that were
generated during the nitric acid treatment of SWNTs. 3M/24h nitric acid refluxing
followed with 30% hydrogen peroxide treatment can produce purified SWNTs with
stable yield and purity, but it leads to limited removal of amorphous carbon. A modified
7M/6h nitric acid refluxing followed with 30% hydrogen peroxide treatment can produce
purified SWNTs with higher purity. The CFF method is time consuming and difficult to
scale up, and both the yield and purity of the product are not stable. Nitric acid reflux
followed with controlled pH centrifugation can produce SWNTs with high purity. With the
measurement of the concentration of the acidic sites and the zeta potential of SWNTs
purified by different methods or conditions, it is possible to explain the mechanism of
this purification method.
Purification is one of the most important topics in research on CNTs. The results of
other processing, such as characterization, functionalization, and application, are highly
depended on the efficiency of purification. Large scale (kg) and high quality purification
is necessary for the development of CNTs that is suitable for use in nanotechnology and
industry.
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2.4. Experimental
Mid-IR spectra were obtained on a Nicolet Magna-IR 560 E.S.P. spectrometer. The
Near-IR (NIR) spectra were obtained on a Varian Cary 500 spectrometer. Raman
spectra were obtained on a Bruker RFS 100/s spectrometer. Atomic force microscopy
(AFM) images were taken on a Digital Instruments nanoscope IIIA (using taping mode).
Scanning electron microscopy (SEM) images were taken on a Philips SEM XL-30
microscope. TGA data were recorded with a Perkin Elmer Instruments, Pyris Diamond
TG/DTA Thermogravimetric/Differential Thermal Analyzer, with a heating rate of
5oC/min in a platinum sample pan under 100 sccm flowing air. Zeta potential data was
recorded with a zetaplus analyzer (Zetaplus, Brookhaven, USA).
2.4.1. Nitric acid treatment
AP-SWNTs (1 gram) were refluxed in 150 mL of nitric acid (3M, 7M, or 16M). After
reflux, the mixture was cooled to room temperature and the upper transparent layer was
decanted. The resulted mixture was diluted with deionized (DI-) water and filtered
though a 1.2 µm pore-sized membrane. The product on the membrane was washed
thoroughly with DI-water and dried at room temperature. The yield and purity of nitric
acid treated SWNTs is given in Table 2.1.
2.4.2. Acid-Base Titration of Carbonaceous Materials
In a typical experiment, 7M/6h nitric acid treated SWNTs (109.77 mg) was stirred in
50.00 mL of 0.05M NaOH aqueous solution under argon for 48 hours. Prolonged stirring
was required to allow the solid SWNTs to equilibrate with the NaOH solution. The
mixture was filtered though a 1.2 µm pore-size membrane. The SWNTs collected on the
membrane were washed with DI-water to remove all of the NaOH residues. The
combined filtrate and washings were titrated with 38.90 mL of 0.05M aqueous HCl
solution to reach the neutral point (pH=7.00), as monitored by a pH meter (Corning pH
meter 445). By calculation, the amount of acidic sites in SWNTs is 0.56 mmol. The
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amount of carbon in the SWNTs is estimated to be 9.15 mmol by assuming that the
SWNTs are solely composed of carbon. The mole percentage of the acidic sites in the
SWNTs sample is 6.0%. The titration results of different SWNT samples are given in
Table 2.6.
2.4.3. 3M Nitric Acid Refluxing Followed with 30% Hydrogen Peroxide Treatment of
SWNTs (p-1a-SWNT)
AP-SWNTs (10 gram, purity 30~40%) was refluxed in 1500 mL of 3M nitric acid for
24 hours. After refluxing, the mixture was cooled to room temperature and the upper
transparent layer was decanted. The resulted mixture was filtered though a 1.2 µm
pore-size membrane. The solid was dried on the membrane to give a final weight of 7
gram. The solid was ground into a fine powder and refluxed in 300 mL of 30% hydrogen
peroxide for 10 hours. After refluxing, the mixture was filtered though a 1.2 µm pore-size
membrane and the solid was dried on the membrane at room temperature (weight:
2.5~3 gram). In general the overall yield of this process was 25-30% and the final purity
was 40-60%. These variations are assembled to the differences in purity of the starting
material (AP-SWNTs).
Thermal treatment of film sample: p-1-SWNT (5 mg) was sonicated in 10 mL of DMF for
30 minutes. The suspension was sprayed on a pre-heated (<160 oC) glass slide. After
drying, the glass slide was heated in an oven in an air environment at 350oC for
different periods of time (90 minutes, 3 hours, 6 hours, 12 hours, and 24 hours). The
purity of film samples heated for different period of time is given in Table 2.6.
Thermal treatment of bulk sample: p-1-SWNT (100 mg) was ground into fine powder
and spread evenly in a glass boat. The glass boat was heated at 350oC in air for 12
hours. The weight of the final product was about 69mg with a purity of 54%.
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2.4.4. 7M Nitric Acid Refluxing Followed with 30% Hydrogen Peroxide Treatment of
SWNT (p-1b-SWNT)

AP-SWNTs (10 gram, purity of 30~40%) were refluxed in 1500mL of 7M nitric acid for
6 hours. The mixture was cooled to room temperature and the upper transparent layer
was decanted. The resulted mixture was filtered though a 1.2 µm pore-size membrane.
The solid was dried on the membrane to give a weight of 6-7 gram. The solid was then
refluxed in 300 mL of 30% hydrogen peroxide for 10 hours. After refluxing, the mixture
was filtered though a 1.2 µm pore-size membrane and the solid was dried on the
membrane at room temperature. The total yield was 20% and the purity was 60-80%.
2.4.5. Cross-Flow Filtration of SWNTs (p-2a-SWNT)
AP-SWNTs (0.95 gram) were refluxed in 220 mL of 3M HNO3 for 48 hours. The
mixture was cooled to room temperature and centrifuged twice (at 3000 rpm, 15
minutes each). After each centrifugation, the clear brown upper layer was decanted.
The paste was collected from the bottom of the centrifuge bottle and added to a 1000
mL aqueous solution of sodium dodecyl sulfate (SDS, 5 gram in 1000 mL of DI-water).
NaOH solution was used to adjust the pH of the solution to 10. The mixture was
sonicated for 6 hours and allowed to stand overnight. The mixture was decanted though
a piece of cotton. The particles remaining in the sediment and on the cotton were
discarded. The black solution was mixed with aqueous buffer (5 wt% of SDS solution).
The mixture was loaded onto a hollow-fiber cross-flow filter column (pore size of 200 nm,
SPECTRUM, M22M-600-01N) and was recycled until the elution was clear (about 7
hours). During this process, 5 amount of buffer solution (2000 mL each) were added
and the flow was reversed periodically (15 minutes per hour). The suspension collected
from the column was neutralized with HCl and set aside overnight. The suspension was
then centrifuged and the upper layer decanted. The residue remaining at the bottom of
centrifuge bottle was washed with DI-water and centrifuged again. The centrifugationdecantation-washing cycle was repeated thee times followed by two cycles of ethanol
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centrifugation-decantation-washing. The final suspension was filtered though a 1.2 µm
pore-size membrane. The product was collected on the membrane and dried under
vacuum at room temperature (weight: 300mg, yield: 30%). The yield and purity of
different batches of CFF purified SWNTs is given in Table 2.7.
2.4.6. 3M Nitric Acid Treatment and Centrifugation of SWNTwith Variable pH (p-2bSWNT)
AP-SWNTs (10 gram) were refluxed in 1500 mL of 3M nitric acid for 24 hours. After
cooling to room temperature, the upper acid layer was decanted. The sediment was
repeatedly subjected to10 cycles of the centrifugation-decantation-resuspension. After
that, the sediment was collected via filtration and dried at room temperature. The weight
of final product was 1 gram.
2.4.7. 3M Nitric Acid Treatment and Centrifugation of SWNTs at a Constant pH (p-2cSWNT)
AP-SWNTs (10 gram) were refluxed in 1500 mL of 3M nitric acid for 24 hours. After
cooling to room temperature, the black mixture was centrifuged for 15 minutes and the
brown transparent supernatant was decanted. The weight of the resulting product (L0)
was 8.5 gram. 2.8 grams of L0 was repeatedly subjected to the centrifugationdecantation-resuspension cycle with pH held at 3. The sediment remaining after each
centrifugation cycle was collected and labeled as L1-x (x refers to the time of
centrifugation). The supernatant after each decantation was also filtered and collected
on a 1.2 µm pore-size membrane and labeled as U1-x. The purity and yield of L1-x and
U1-x are given in Table 2.8. The same procedure was used with the pH held at 4 and 7,
separately.
2.4.8. Zeta potential measurement of carbonaceous materials in aqueous suspension
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In a general procedure, 20.0 mg of carbonaceous materials was sonicated in 200.0
mL of DI-water for 2 hours. One portion of 12.5 mL of resulted homogeneous
suspension (concentration: 0.1mg/mL) was diluted to 25.0 mL by adding DI-water and
the pH of it was adjusted with 0.05M NaOH or 0.05M HCl to reach the desired value (pH
= 2, 3, 4, 5, 6, 7, 8, 10, and 12 for different portion, measured by Corning pH meter 445).
The resulted suspensions (concentration: 0.05 mg/mL) were sonicated for 30 minutes
and then were used for zeta potential measurement (by a zetaplus analyzer at 25oC).
Zetaplus instrument (Brookhaven) is designed for use with dispersions of particles or
solutions of macromolecules (diameters from 10nm to 30µm). The technique employedelectrophoretic light scattering (ELS) is based on reference beam (modulated) optics
and a dip-in (Uzgiris type) electrode system. It is also known as laser Doppler
Velocimetry (LDV).
Particles dispersed in the liquid often have a charge on the surface. When an
electric field is applied in the liquid, these charged particles will move towards either the
positive or the negative pole of the applied field. The direction they select is a clear
indication of the sign of the charge they carry. The velocity with which they translate is
proportional to the magnitude of the charge. Thus we need to measure both the
direction and the velocity of the particles under the influence of a known electric field
and then calculate mobility and zeta potential from this information.
The zetaplus system has a laser beam which passes through the sample in a cell
that carries two electrodes to provide the electric field. The frequency of light scattered
into the detector is Doppler shifted by an amount proportional to the velocity of the
particles. A portion of the beam is split off and recombined with the scattered beam after
it is modulated at 250 Hz, which means that in the absence of an electric field, a power
spectrum of the signal from the detector would have a sharp peak at 250 Hz. When an
electric field is applied, any resultant Doppler shift would occur from this frequency and
would be detected.
Copyright © Hui Hu 2004
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Chapter Three
Chemistry of SWNTs
Background:
Carbon nanotubes (CNTs) contain only conjugated carbon atoms and therefore they
are chemically inert, and this is reflected by their properties such as insolubility in all
solvents and low chemical reactivity. The inert nature of CNTs limits the available
identification and characterization tools, and hinders the manipulation and application of
carbon nanotubes. Chemical functionalization of CNTs is a useful tool for addressing
these problems, and functionalized CNTs have found broad application, including
composite materials, sensors, and biomaterials.
The covalent chemistry of CNTs may be classified into two categories.86 The first
involves functionalization at the ends or at defect sites of the CNTs, where there exists
the possibility to add to the carbon nanotube at a σ-bonded site, without attacking the πsystem; this type of chemistry usually involves reaction at a previously introduced
carboxylic acid group. These carboxylic acid groups are usually generated by nitric acid
treatment and can be used as precursors in functionalizations such as amidation and
esterification.91,92,183 The second type of covalent chemistry involves sidewall
functionalization in which the carbon-carbon double bonds on the sidewall of CNTs
react. Such reactions include fluorination,101 carbene86,89,91,100 or nitrene addition,
Birch reduction,86,112 1,3-dipolar addition,184 and reactions with radicals90,105,106.
One of the purposes of CNT functionalization is to improve their solubility. Based on
the work of our group,91,92,158 electric arc produced (EA-) SWNTs in both shortened
and full length form can be dissolved in a variety of organic solvents. These important
findings not only provide a new method to obtain well-characterized, highly purified
SWNT materials by separating soluble SWNT from insoluble impurities, but also provide
the opportunity to study SWNTs chemistry in the solution phase. Various solution
spectroscopes can be applied to characterize the dissolved CNTs. This allows the study
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of the effects of the chemical modifications on the band gaps of SWNTs, the key to the
molecular design of new SWNT-based materials.
A number of sidewall functionalization reactions of SWNTs have been achieved by
using carbenes,86,89,91 fluorine,101 aryl radicals,90,105-107 azomethine ylides,184
and Birch reduction conditions.112 SWNTs with alkyl substituents have been obtained
by treating the fluorinated SWNTs with nucleophilic reagents such as alkyllithium and
alkyl magnesium bromides.103,185 Several methods for the metal reduction of SWNTs
have also been reported.86,112 The functionalization methodology of most of these
processes is based on the reaction of electrophilic reagents with the partial carboncarbon double bonds in the sidewall of the SWNTs.
The properties of sidewall functionalized SWNTs are very different from those of
pristine SWNTs. Carbon atoms on the sidewall of SWNTs reacted with functional
groups are converted from sp2 hybridization into sp3 form. This leads to a significant
change in the electronic structure of SWNTs, a change which can be monitored by
optical spectroscopy. These sp3 hybridized carbon atoms change the SWNT framework
and this can be detected by Raman spectroscopy. The relative intensity of the disorder
mode of SWNTs in Raman spectroscopy increases after sidewall functionalization. The
solubility of sidewall-functionalized SWNTs in organic solvents or water may be
improved by the addition of different functional groups.
In previous work,86 the sidewall functionalization of EA-SWNTs was difficult to detect
because the insolubility of the product limited the characterization method. Moreover,
the purity of EA-SWNTs used in that work was low, and it was difficult to distinguish the
dichlorocarbene functionality and to determine whether it was attached to the sidewall of
EA-SWNTs or the graphitic impurities. Later, soluble EA-SWNTs were used in
dichlorocarbene addition.91 The soluble EA-SWNTs were prepared by the attachment
of octadecylamine (ODA) to the terminal of SWNTs. The advantage of using soluble
EA-SWNTs in dichlorocarbene addition was, since the product retained its solubility in
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common organic solvents, many solution phase spectroscopes, including IR, vis/UV,
and Raman, could be used to investigate the sidewall functionalization products. Very
recently,

the

dichlorocarbene

addition

of

soluble

HiPco-SWNTs

has

been

reported.89,100 HiPco-SWNTs are expected to have high purity, which made it easy for
us to characterize the sidewall functionalization of SWNTs. The diameter of HiPcoSWNTs is smaller than that of EA-SWNTs and thus the curvature of the carbon atoms
on the sidewall of the HiPco-SWNTs are higher. This leads to an increase of chemical
reactivity of the carbon atoms on the sidewall of HiPco-SWNTs. The degree of
functionalization of soluble HiPco-SWNTs can reach 23 atomic%, which is the highest
among all of the SWNT materials we used.
In this chapter, dichlorocarbene addition to both pristine and soluble SWNTs is
discussed. The pristine SWNTs involved were HiPco-SWNTs, which could be dispersed
in organic solvents such as dichlorobenzene.186 Microscopy methods, including SEM,
AFM, and TEM, were also used to characterize the SWNTs. We found that the addition
of dichlorocarbene saturated the carbon atoms on the sidewall of SWNTs and
effectively replaced the delocalized partial double bonds with a cyclopropane
functionality. The structure and the electronic properties of sidewall functionalized
SWNTs were changed dramatically.
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3.1. Sidewall Functionalization of Soluble HiPco-SWNTs
3.1.1. Dissolution of HiPco-SWNTs
HiPco-SWNTs are produced by high pressure CO method, and they have a structure
that differs from that of the EA-SWNTs. Raman spectra reveal that the HiPco-SWNTs
have a broad diameter distribution with a mean diameter of 0.8 nm.30,61 The diameter
of HiPco-SWNTs can be as small as 0.7 nm, which is the same as that of a C60
molecule. Because of this fact, the HiPco-SWNTs have larger curvature and therefore
they are expected to be more reactive than EA-SWNTs.
Since the major impurities in pristine HiPco-SWNTs are iron catalyst, low temperature
heating and hydrochloric acid treatment are suitable for the purification of HiPcoSWNTs.61 First the HiPco raw material is heated under wet air at 200oC for 15 hours.
The resulting material is then soaked in concentrated hydrochloric acid and sonicated
for 15 minutes. After this treatment, most of the iron is removed. The yield of the
purification is about 80%. Figure 3.1 shows the AFM image of purified HiPco-SWNTs.
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Figure 3.1: AFM image (mica substrate, from DMF dispersion) of purified HiPco-SWNTs.
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The dissolution of purified HiPco-SWNTs is illustrated in Scheme 3.1. After refluxing
in 3M nitric acid for 24 hours, HiPco-SWNTs are terminated with carboxylic acid groups.
Acid-base titration shows that 5 atom% of the carbon atoms become functionalized with
the carboxylic acid groups. The amidation of carboxylic acid form of SWNT with ODA
was carried out via the same acyl chloride intermediate method as was used with the
EA-SWNTs. In this case, a solution-phase reaction was used together with oxalyl
chloride. One advantage of solution-phase reaction is that some functionalized
impurities, which have higher solubility than soluble SWNTs, can be removed in the
workup procedure. A suspension of carboxylic acid-bound HiPco-SWNTs in water-free
dimethylformamide (DMF) reacted with oxalyl chloride at low temperature (0-5oC). The
excess amount of oxalyl chloride was easily removed by heating (70oC). Since the acyl
chloride intermediate is sensitive to air and water, the use of oxalyl chloride can avoid
the THF workup which is required for the SOCl2 procedure. Excess ODA was added to
the suspension of the SWNT acyl chloride intermediate in DMF and the mixture was
reacted at 110oC for 5 days. The workup was the same as that used for the dissolution
of EA-SWNTs. The soluble full-length HiPco-SWNTs (HiPco-s-l-SWNT) have good
solubility in many common organic solvents, including tetrahydrofuran (THF), carbon
disulfide (CS2), dichlorobenzene, and chlorobenzene.
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Scheme 3.1: Dissolution of HiPco-SWNTs.

158

3.1.2. Dichlorocarbene addition to the sidewall of soluble HiPco-SWNTs
Analysis of HiPco-s-l-SWNT dichlorocarbene reaction products Scheme 3.2 illustrates
the

dichlorocarbene

functionalization

of

purified

HiPco-SWNTs.

A

series

of

dichlorocarbene addition reactions were carried out with different amounts of
PhHgCCl2Br to give dichlorocarbene derivatized soluble SWNT [HiPco-(s-l-SWNT)CCl2
(a-c)] (Table 3.1), which retained their solubility in organic solvents such as
tetrahydrofuran and dichlorobenzene. Energy-dispersive x-ray spectroscopy (EDS) of
the HiPco-(s-l-SWNT)CCl2 (a-c) showed that the atomic percentage of chlorine in the
products varied from 8 to 14% (Table 3.1). In order to estimate the degree of
functionalization, we assumed that the atomic percentage of carbon (C%) obtained in
the EDS analysis originated from both the tube sidewall (Cwall%) and the
dichlorocarbene adducts (Cadd%).

Cadd% is equal to ½ Cl% and Cwall% can be

calculated from:
Cwall% = (C% - Cadd%)= (C% - ½ Cl%)
The degree of dichlorocarbene functionalization is given by (Cl/Cwall)% (Table 3.1).
Figure 3.2. (b) show the AFM image of HiPco-(s-l-SWNT)CCl2 (b) on a mica substrate.
The average bundle size of HiPco-s-l-SWNT and HiPco-(s-l-SWNT)CCl2 (b) is 2.7nm
and 2.0 nm, respectively. This result indicates that the dichlorocarbene addition to
HiPco-s-l-SWNT leads to a further defoliation of the nanotube bundles, since the
addition of substantial amounts of dichlorocarbene is expected to increase the effective
diameter of the HiPco-s-l-SWNT.

159

O

NH(CH2)17CH3

O

NH(CH2)17CH3

Cl
PhCCl2HgBr

Cl

dichlorobenzene

HiPco-s-l-SWNT

HiPco-(s-l-SWNT)CCl2

Scheme 3.2: Dichlorocarbene addition of HiPco-s-l-SWNT.
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Cl

Cl

Table 3.1: Degree of Dichlorocarbene Functionalization of HiPco-(s-l-SWNT)CCl2.

Sample
HiPco-s-l-SWNT
HiPco-(s-lSWNT)CCl2 (a)
HiPco-(s-lSWNT)CCl2 (b)
HiPco-(s-lSWNT)CCl2 (c)
a

HiPco-s-lSWNT/PhHgCCl2Br

Cl

(weight ratio)
-

(at%)
0

0

1:8

8

12

1 : 50

11

16

1 : 100

14

23

Obtained from (Cl/Cwall)% (see text).
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Degree of
Functionalizationa

a)

b)

Figure 3.2: AFM images (on mica substrate, from THF solution): a) HiPco-s-l-SWNT; b)
HiPco-(s-l-SWNT)CCl2(b).
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Mid-IR spectroscopy of HiPco-s-l-SWNT dichlorocarbene reaction products Mid-IR
spectra of HiPco-s-l-SWNT and HiPco-(s-l-SWNT)CCl2 (b) are shown in Figure 3.3; the
peak at 798 cm-1 in the spectrum of HiPco-(s-l-SWNT)CCl2 (b) (Figure 3.3, a) is
assigned to the C-Cl stretch and was previously observed to occur at the same
frequency in the dichlorocarbene addition product of shortened soluble EA-SWNTs.91
We compared the IR absorption due to the C-Cl stretch of HiPco-(s-l-SWNT)CCl2 (b)
with that of dichlorocarbene functionalized C70 (791 and 772 cm-1) and found that their
positions in the IR spectra are comparable. Other signals such as νC-H (2920 cm-1 and
2850 cm-1), νC-O (1637 cm-1), and νN-H (1574 cm-1), are consistent with that of the HiPcos-l-SWNT shown here.
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HiPco-s-l-SWNT

HiPco-(s-l-SWNT)CCl2 (b)

Figure 3.3: Mid-IR spectra (ATR method, after baseline correction): of HiPco-s-l-SWNT
and HiPco-(s-l-SWNT)CCl2 (b).
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Raman spectroscopy of HiPco-s-l-SWNT dichlorocarbene reaction products

There are

two characteristic signals in the Raman spectrum of HiPco-s-l-SWNT (Figure 3.4): radial
mode (ωr=267cm-1) and tangential mode (ωt=1595cm-1). The weak band centered at
1285 cm-1 (ωd) is attributed to disorder or the presence of sp3-hybridized carbon atoms
in the benzenoid framework of the nanotube walls. The Raman spectra of the HiPco-(sl-SWNT)CCl2 show that the intensity of the disorder mode grows at the expense of the
radial and tangential modes (Figure 3.4), with increasing atomic percentage of chlorine
in the HiPco-(s-l-SWNT)CCl2. In the Raman spectra of samples HiPco-(s-l-SWNT)CCl2
(b) and (c), the radial mode has almost disappeared.
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Figure 3.4: Raman spectra (films on Zn-Se substrate) of HiPco-s-l-SWNT (0%); HiPco(s-l-SWNT)CCl2 (a) (12%); HiPco-(s-l-SWNT)CCl2 (b) (16%); HiPco-(s-l-SWNT)CCl2 (c)
(23%). The spectra are labeled with the degree of functionalization (Cl/Cwall)%.
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Vis-NIR spectroscopy of HiPco-s-l-SWNT dichlorocarbene reaction products The
Vis/NIR spectra of HiPco-s-l-SWNT and HiPco-(s-l-SWNT)CCl2 in dichlorobenzene are
shown in Figure 3.5. The absorptions centered at 7000 cm-1 (0.90eV), 12150 cm-1
(1.50eV), and 16500 cm-1 (2.04eV) have been previously observed in the spectra of
HiPco-SWNTs,10,187 and are due to transitions between the first and second pairs of
singularities in the density of states (DOS) of the semiconducting SWNTs (S11 and S22)
and the first pair of singularities in the DOS of the metallic SWNTs (M11),
respectively.10,88,91,187,188 The interband electronic transitions provide characteristic
signatures for the SWNTs,74 and they are readily understood in terms of the electronic
density of states (DOS) profile shown in Figure 3.6.

The spectra of HiPco-(s-l-SWNT)CCl2 (Figure 3.5) show that the intensity of both the
semiconducting (0.90eV and 1.50eV) and metallic transitions (2.04eV) decrease with
increasing degree of dichlorocarbene functionalization. The fine structure in the
absorptions of the HiPco-(s-l-SWNT)CCl2 (b) and (c) are indistinct compared to that of
s-SWNT starting material. This is because the sidewall functionalization destroys the
extended π-network thereby disrupting the translational symmetry and changing the
electronic structure of the SWNTs, as previously observed for EA-SWNTs.91 These
interband transitions are highly characteristic of the SWNTs and are a sensitive
indicator of the integrity of the SWNT electronic structure; their diminution provides an
ideal monitor for the introduction of substituents into the sidewalls of the SWNTs which
function as defect sites in the SWNT electronic structure.189,190
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Figure 3.5: Solution phase NIR spectra (dichlorobenzene, 0.125mg/mL, quartz cell, light
path 1cm) of HiPco-s-l-SWNT (0%); HiPco-(s-l-SWNT)CCl2 (a) (12%); HiPco-(s-lSWNT)CCl2 (b) (16%); HiPco-(s-l-SWNT)CCl2 (c) (23%). The spectra are labeled with
the degree of functionality (Cl/Cwall)% and are normalized at 8910 cm-1 (1.1 eV). The
inset shows the S11 peak height at 7000 cm-1 versus (Cl/Cwall)%.
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Figure 3.6: Schematic representation of the electronic density of states (DOS) of
SWNTs that are responsible for transitions occurring in NIR and FIR region of the
spectrum. (a) Pristine semiconducting SWNTs, where S11 and S22 correspond to the first
and second interband transitions in the NIR spectral range. (b) Hole-doped
semiconducting SWNTs, where intraband transitions involving free carriers (S1)
contribute to the FIR absorption. (c) Metallic SWNT, where M11 is the first metallic band
gap transition in the NIR range, and M0 is the FIR transition due to intrinsically metallic
SWNTs.
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Quantitative NIR analysis of HiPco-SWNTs dichlorocarbene reaction products We
reported a method to evaluate the purity of as-prepared EA-SWNT soot by using
solution phase NIR spectroscopy, in which the SWNT purity was evaluated against a
reference sample by using the region of the second interband transition (S22, with
spectral cutoffs of SCL=7750 and SCH=11750 cm-1) for semiconducting SWNTs.74
Here the region of the first interband transition (S11, with spectral cutoffs of SCL=5400
and SCH=10750 cm-1) was used to estimate the strength of the SWNT absorptions. The
S11 band was chosen in this case as it has the highest amplitude, but more importantly
because it is the most distinct spectral feature observable in the NIR spectra of HiPcoSWNTs. Table 3.2 lists the AA(S, X)/AA(T, X) ratio of the integrated area under the S11
spectral region (spectral cutoffs of SCL=5400 and SCH=10750 cm-1), in which AA(T, X)
is the total area of SWNT absorption (sample number X) within this spectral range, and
AA(S, X) is the area under the S11 absorption after base line correction. To estimate the
effects of functionalization on the electronic structure, the absorption ratio is normalized
by reference to the staring material HiPco-s-l-SWNT. It was found that the AA(S,
X)/AA(T, X) value of HiPco-(s-l-SWNT)CCl2 drops dramatically with increasing degree of
dichlorocarbene functionalization. This decrease in the absorption ratio clearly indicates
that wall-functionalization serves to reduce the oscillator strength of the interband
transitions by introducing defects into the periodic band electronic structure of the
SWNTs.
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Table 3.2: NIR Absorbance as a Function of the Degree of Dichlorocarbene
Functionalization

Sample

Degree of
Functionalization
HiPco-s-l-SWNT
0
HiPco-(s-l-SWNT)CCl2 (a)
12
HiPco-(s-l-SWNT)CCl2 (b)
16
HiPco-(s-l-SWNT)CCl2 (c)
23

AA(S, X)/
Absorbances AA(T, X)
a

0.21
0.14
0.05
0.04

0.083
0.061
0.018
0.009

Normalized
absorption ratiob
1
0.73
0.22
0.11

a) The NIR absorbance is measured at 7000 cm-1, with normalization at 8910 cm-1.
b) Normalized absorption ratio = [AA(S, X)/AA(T, X)]/[AA(S, R)/AA(T, R)]. X refers to
samples HiPco-(s-l-SWNT)CCl2 (a-c), R refers to HiPco-s-l-SWNT. Areal absorptions
(AA) obtained with spectral cutoffs of SCL=5400 and SCH=10750 cm-1.
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In order to further explore the relationship between the change in electronic structure
of the HiPco-s-l-SWNT and the degree of dichlorocarbene functionalization, we
calculated the relative intensity of the first semi-conducting transition at constant SWNT
concentration. Figure 3.5 shows the NIR spectra of HiPco-s-l-SWNT and HiPco-(s-lSWNT)CCl2 in dichlorobenzene, with the absorbance normalized to a common value at
8910 cm-1 (1.1eV). A plot of the intensity of the first semi-conducting transition (7000
cm-1)

in

the

functionalized

SWNTs

versus

the

degree

of

dichlorocarbene

functionalization is shown as an inset to Figure 3.5. If the relationship between the
degree of dichlorocarbene functionalization and the strength of interband transition is
linear, the degree of functionalization necessary to remove all of the oscillator strength
from this transition and to completely disrupt the band electronic structure of the SWNTs
is estimated to be about 25%.

FIR spectroscopy of HiPco-s-l-SWNT dichlorocarbene reaction products and bromine
doped HiPco-s-l-SWNTs In the foregoing discussion of the interband transitions of the
covalent SWNT reaction products we have focused on the NIR part of the spectrum,
which involves electronic transitions between the occupied valence bands and the
empty conduction bands of the SWNTs.

However, the transitions occurring within

partially filled energy bands involve the metallic electrons at the Fermi level and this part
of the spectrum should be extremely sensitive to sidewall chemistry. We have
previously shown that ionic chemistry (doping) with electron acceptors introduced holes
into the valence band of carbon nanotubes thereby decreasing the intensity of the S11
transition of the semiconducting SWNTs.88,91 However, ionic chemistry is not expected
to destroy the periodicity of the SWNT lattice that is necessary for the preservation of
the SWNT band structure, due to the weak localization effects of the counterions.
Hence ionic chemistry, where the electronic transitions disappear sequentially in order
of increasing energy, is expected to differ substantially from covalent chemistry which
introduces saturated bonds that function as defect sites in the extended π-network and
eventually destroys the electronic band structure altogether. This weakens the strength
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of all of the interband transitions in both the semiconducting and metallic
SWNTs.91,103
Figure 3.7 shows the IR-vis-UV spectra of films of HiPco-s-SWNT and HiPco-(sSWNT)CCl2, where it may be seen that the HiPco-s-SWNT have the very strong FIR
absorption expected for a metal (Mo transition). However, since dichlorocarbene
addition introduces saturated C-C single bonds in place of the π-bonds, oscillator
strength is rapidly lost from the FIR band on functionalization showing the sensitivity of
the metallic properties to the introduction of defects.74,191 HiPco-(s-SWNT)CCl2, which
has a degree of dichlorocarbene functionalization of 12%, shows a significant decrease
in the intensity in the FIR absorption. For HiPco-(s-SWNT)CCl2, the 16% degree of
dichlorocarbene functionalization removes over 90% of the FIR intensity. The results
confirm that the formation of carbon-carbon bonds to the sidewalls of the metallic
SWNTs rapidly opens a gap at the Fermi level, changing a metal into a semiconductor
by introduction of defect sites. The degree of functionalization to completely disrupt the
band electronic structure of the SWNTs is estimated to be about 22% from the FIR data
(inset to Figure 3.7), in good agreement with the estimate based on the NIR results
(Figure 3.5).
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Figure 3.7: IR-vis-UV spectra of the films of HiPco-s-l-SWNT (0%); HiPco-(s-lSWNT)CCl2(a) (12%); HiPco-(s-l-SWNT)CCl2(b) (16%). The spectra are labeled with
the degree of functionalization (Cl/Cwall)%, and normalized at the π-plasmon peak
(37000 cm-1). The inset shows the absorption height at 100 cm-1 versus (Cl/Cwall)%.
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In order to provide a point of comparison with the covalent chemistry described above,
we examined the spectroscopic effects of bromine doping of SWNTs.91,192,193 The
HiPco-s-l-SWNT films on optical substrates were placed in a closed container in the
presence of bromine for 1 hour. As may be seen in Figure 3.8, treatment of the HiPco-sl-SWNT with bromine leads to an enhancement in the Fermi level absorptions that are
visible in the FIR due to metallic intraband transitions (S1) that occur within the valence
band of the semiconducting SWNTs as a result of the hole doping of this band. Thus the
FIR spectroscopy of the functionalized SWNTs provides a clear differentiation between
the covalent sidewall chemistry of dichlorocarbene addition (reduction in FIR intensity)
and the ionic chemistry that occurs upon bromine doping (increase in FIR intensity).
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Figure 3.8: IR-vis-UV spectra of the films of HiPco-s-l-SWNT, and after treatment with
bromine vapor. The spectra are normalized at the π-plasmon peak (37000 cm-1).
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Heat Treatment of Dichlorocarbene Functionalized soluble HiPco SWNTs
The thermal stability of the thin films of HiPco-(s-l-SWNT)CCl2 was also studied,
because this material offers the possibility of preparing cross-linked SWNTs.
Suggested structures of cross-linked SWNTs are shown in Scheme 3.3. Thin films were
prepared by dissolving samples of HiPco-(s-l-SWNT)CCl2 (b) in THF with sonication,
and then spraying the dispersion onto zinc-selenium substrates. The films were heated
under vacuum for 90 minutes.
A comparison of the mid-IR spectra of as-prepared and thermally annealed HiPco-(sl-SWNT)CCl2 (b) is shown in Figure 3.9. After HiPco-(s-l-SWNT)CCl2 (b) was heated at
300oC, the strength of the C-Cl stretch at 798cm-1 is drastically reduced. This indicated
that most of the C-Cl bonds are broken by the thermal treatment. The peaks at 2920
cm-1 and 1663 cm-1 were also decreased by thermal treatment due to the removal of the
long chain amide functionalities at the ends of SWNTs. When the HiPco-(s-lSWNT)CCl2 (b) sample was heated at 450oC, the peak at 798cm-1 almost completely
disappeared indicating that the removal of chlorine was virtually complete.
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Scheme 3.3: Cross-link of dichlorocarbene functionalized HiPco-s-l-SWNT by thermal
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Figure 3.9: Mid-IR spectra (films on ZnSe substrate, after baseline correction) of HiPco(s-l-SWNT)CCl2 (b), HiPco-(s-l-SWNT)CCl2 (b) heated at 300oC and 450oC for 90 min,
respectively.
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NIR spectra of the films (Figure 3.10) show that thermal treatment with concomitant
removal of the chlorine does not lead to a recovery of the pristine spectrum.
Furthermore there is a shift of the absorption peak of HiPco-(s-l-SWNT)CCl2 (b) to low
energy. This may be due to damage of the carbon nanotubes and the generation of
defects. We have previously reported that thermal cycling under vacuum can de-dope
acid purified carbon nanotubes and this leads to an increase in the intensity of the S11
SWNT absorption in the NIR spectra.88 Since no difference in the absorption intensity
between heated and unheated HiPco-(s-l-SWNT)CCl2 (b) films was found, we can
further conclude that the changes in the absorption spectrum of HiPco-(s-l-SWNT)CCl2
(b) compared with HiPco-s-l-SWNT is not due to (ionic) doping, but due to the effect of
covalent binding of the dichlorocarbene moiety to the s-SWNT. This addition cannot be
reversed by thermal treatment to recover the perfectly conjugated wall structure of the
SWNTs. With the release of chlorine during thermal treatment, the carbon from the
adduct may rearrange within the sidewall of the SWNTs, or even dimerize to produce
cross-linked SWNTs as observed in the heating of C60CBr2.194
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Figure 3.10: NIR spectra (films on ZnSe substrate) of HiPco-s-l-SWNT; HiPco-(s-lSWNT)CCl2 (b) heated at 300oC and 450oC for 90 min, respectively.
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Figure 3.11 shows the Raman spectra of the HiPco-(s-l-SWNT)CCl2 (2b) film before
and after thermal treatment at 300oC. The intensity of the disorder peak (ωd) decreases
after heating, which suggests that some of the sp3 hybridized carbons on the sidewall
have been converted back into sp2 carbons.
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Figure 3.11: Raman spectra (films on ZnSe substrate) of HiPco-(s-l-SWNT)CCl2 (b) and
HiPco-(s-l-SWNT)CCl2 (b) heated at 300oC for 90 min.
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3.2. Sidewall Functionalization of Soluble EA-SWNTs
In 1998, the first soluble chemically functionalized SWNTs were synthesized via the
amidation of shortened EA-SWNTs with octadecylamine.91 EA-SWNTs have larger
diameter (1.5nm) than that of HiPco SWNTs (0.8nm) and the carbon atoms on the
sidewall of EA-SWNTs have smaller curvature. Therefore, EA-SWNTs are less reactive
than HiPco SWNTs. It is of interest to compare the reactivity of both EA- and HiPco
SWNTs in the sidewall functionalization and the properties of the resulting products.
The same dichlorocarbene addition of soluble EA-SWNTs was carried out and is
discussed below.
3.2.1. Dissolution of shortened EA-SWNTs
The shortened EA-SWNTs (EA-s-SWNT) have a higher concentration of functional
groups than full-length SWNTs (EA-l-SWNT). As-prepared EA-SWNTs material (AP-EASWNTs, 30~40% purity) were shortened to an average length of 100-300nm by the
treatment with con. HNO3/con.H2SO4=1:3.26 During the shortening procedure, a large
amount of amorphous carbon was produced. EA-s-SWNT was heated in a mixture of
con. H2SO4/H2O2=1:4 at 70oC for 15 minutes, which is called “polishing”, to remove
some of the amorphous carbon. In the dissolution, EA-s-SWNT was first treated with
thionyl chloride (SOCl2) to convert carboxylic acid groups into acyl chloride. Then a
long-chain molecule of octadecylamine (ODA) was used to react with the acyl chloride
form of EA-s-SWNT, which resulted in an amide form of EA-s-SWNT. (Scheme 3.4).91
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dichlorobenzene), THF and CS2 (the solubility >1mg/mL), while the EA-s-SWNT before
the long chain amine attachment are insoluble in organic solvents. The mid-IR spectrum
of EA-s-s-SWNT (Figure 3.12) shows strong C-H bond stretch vibration at 2920 cm-1
and 2850 cm-1 coming from the alkyl chain attached. The C=O stretch vibration from
amide carbonyl functional group appears at 1637 cm-1. The peak at 1574 cm-1 may be
due to N-H bend of the amide. And the peak at 1466 cm-1 is due to the C-H bend in the
alkyl chain.92
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Figure 3.12: Mid-IR spectrum (ATR method) of EA-s-s-SWNT.
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The Raman spectrum of the EA-s-s-SWNT (Figure 3.13) in solid state collected
under 1064 nm excitation shows the Raman-active radial mode frequency (ωr) at
170cm-1and tangential mode frequency (ωt) at 1589cm-1, which is similar to those of the
EA-SWNT raw soot (ωr=162 cm-1, ωt=1592 cm-1) and shortened EA-SWNTs (ωr=161
cm-1, ωt=1595 cm-1).91 The small signal at 1288 cm-1 is called the disorder mode (ωd),
and is caused by defects or the presence of sp3 carbon. The average diameter d of EAs-s-SWNT in our sample is estimated to be 1.32 nm based on the radial mode
frequency (ωr cm -1=223.75 cm-1 nm / d nm).45
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Figure 3.13: Raman spectrum of EA-s-s-SWNT. The high background signal is due to
fluorescence from amorphous carbon.
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The NIR spectrum of EA-s-s-SWNT in CS2 solution shows the presence of major
signals at 10387 cm-1 (1.29eV), 9783 cm-1 (1.21eV), 9161 cm-1 (1.14eV), and 5428 cm-1
(0.67eV) (Figure 3.14). The signal at 0.67eV is due to the energy of the S11 interband
transition of semiconducting EA-SWNTs, which was observed previously by STM6,9
and electron energy-loss spectroscopy (EELS).195 The signal at 1.21eV has been also
observed by EELS.195 The peaks at 1.29, 1.21 and 1.14eV correspond to the energy of
the S22 interband transition of semiconducting EA-SWNTs. 6
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Figure 3.14: IR spectrum of film of EA-s-s-SWNT shows the interband transition of S11
and S22 from EA-SWNTs and C-H stretch from alkyl chain.
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It is important to estimate the amount of ODA attached to SWNTs since this provides
information on the mechanism of dissolution and the loading of SWNTs. Solution phase
mid-IR spectroscopy can be employed to estimate the ratio of the carbon atoms in the
SWNT backbone to the carbon atoms in the end-groups and at defect sites of the ODA
functionalized soluble SWNTs.98 Because the C-H stretching vibrations originate from
the ODA alkyl chains, and not from SWNTs, measurement of the intensity of these midIR transitions provides a method for determination of the amount of alkyl chains in the
soluble SWNTs samples. A series of ODA standard solutions in CCl4 have been
measured and the intensity of absorbance of the symmetric stretch (ν(C-H) = 2845 cm-1)
was plotted against concentration(mol/L) (slope = 52.2). By measuring the absorbance
of the symmetric C-H stretch of a soluble SWNTs sample with known weight, the
concentration of ODA was estimated. Since the mole equivalent of ODA may be simply
regarded as the mole equivalent of the carboxylic acid groups on the SWNTs, assuming
conversion is 100%, the concentration of end-group can also be determined. By using
this method, the mole% of ODA to soluble SWNT carbon atoms was found to be in the
range of 3.6% to 8.0%.98
If we regard the carboxylic acid groups bound to the termini of the SWNTs as the
reaction sites, the mole% of ODA in the soluble SWNT obtained from this method is
much higher than the theoretical amount.98 It may be that some defect sites on the
walls also take part in the amidation, and carbonaceous impurities such as amorphous
carbon also contains carboxylic acid groups that can react with ODA. Furthermore,
there is still some free ODA in the soluble SWNT product, which may be wrapped on
the surface of SWNTs. These contributions raise the amount of ODA in the end group
analysis. Therefore, it is necessary to further purify soluble SWNTs.
The purification of EA-s-s-SWNT was investigated, in which vacuum heating and
reprecipitation were involved. In method A, heating the EA-s-s-SWNT under vacuum
allows the removal of some free ODA. After workup, the EA-s-s-SWNT was heated at
170oC under vacuum (0.05 torr). At this temperature and pressure, ODA evaporates
and can be removed from EA-s-s-SWNT. The SWNT recovery after heating was about
192

80%. Solution phase NIR spectrum shows the intensity of the symmetric C-H stretch
absorption (2850 cm-1) before heating is 0.181 and 0.160 after heating (Figure 3.15).
Apparently this heating method can remove some ODA at the surface of EA-s-s-SWNT.
In method B, chlorobenzene was used as solvent to reprecipitate EA-s-s-SWNT. In
the workup step, the EA-s-s-SWNT is purified by reprecipitation from ethanol/THF. After
this EA-s-s-SWNT was dissolved in chlorobenzene to remove ODA. The recovery of
SWNT after reprecipitation was about 65%, which is lower than the heating method.
Solution phase NIR spectrum shows the intensity of asymmetric C-H stretch absorption
is 0.097. Thus the reprecipitation method can remove more of the excess ODA than the
heating method.
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Figure 3.15: Solution phase NIR spectra (CS2, 1.0mg/mL, quartz cell, light path 0.1cm,
after baseline correction) of EA-s-s-SWNT, purified EA-s-s-SWNT by method A
(vacuum heating) and by method B (reprecipitation in chlorobenzene).
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3.2.2. Dichlorocarbene addition to the sidewall of soluble EA-SWNTs
Analysis

of

dichlorocarbene

reaction

products

Scheme

3.5

illustrates

the

dichlorocarbene functionalization of purified EA-s-s-SWNT. A series of dichlorocarbene
addition reactions were carried out with different amounts of PhHgCCl2Br to give
dichlorocarbene derivatized soluble SWNT [EA-(s-s-SWNT)CCl2 (a-c)] (Table 3.3),
which retained their solubility in organic solvents such as tetrahydrofuran and
dichlorobenzene. EDS of the EA-(s-l-SWNT)CCl2 (a-c) showed that the atomic
percentage of chlorine in the products varied from 0.8 to 2.7% (Table 3.3). In order to
estimate the degree of functionalization, we assumed that the atomic percentage of
carbon (C%) obtained in the EDS analysis originated from both the tube sidewall (Cwall%)
and the dichlorocarbene adducts (Cadd%). Cadd% is equal to

1/2Cl%

and Cwall% can be

calculated from
Cwall% = (C% - Cadd%)= (C% - 1/2Cl%)
The degree of dichlorocarbene functionalization is given by (Cl/Cwall)% (Table 3.3).
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Scheme 3.5: Dichlorocarbene addition of EA-s-s-SWNT.
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Table 3.3: Degree of functionalization of EA-(s-s-SWNT)CCl2 (a-c)

Sample
EA-s-s-SWNT
EA-(s-s-SWNT)CCl2
(a)
EA-(s-sSWNT)CCl2 (b)
EA-(s-sSWNT)CCl2 (c)

EA-s-sSWNT/PhHgCCl2Br
(weight ratio)
-

Cl
Degree of
(at%) Functionalizationa
0
0

1 : 13

0.7

0.8

1 : 26

1.0

1.1

1 : 62

2.4

2.7

a) Obtained from (Cl/Cwall)% (see text).
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Mid-IR spectroscopy of EA-s-s-SWNT dichlorocarbene reaction products The EA-(s-sSWNT)CCl2 products retain their solubility in toluene, chloroform, dichloromethane, THF
and CS2, which allows the study of the properties of the solution phase spectroscopy.
The Mid-IR spectrum of the EA-(s-s-SWNT)CCl2 (Figure 3.16) shows a peak at 796cm-1
that is due to the C-Cl stretch vibration from the dichlorocarbene functionality in the
product, which is consistent with that of HiPco-(s-l-SWNT)CCl2 and dichlorocarbene
functionalized C70 (obtained from Dr. M. S. Meier, University of Kentucky). The other
vibrational modes originated from SWNTs and the terminating long chain are similar to
those of the starting EA-s-s-SWNT, which indicates that the covalently bonded long
chain amine is still attached to EA-(s-s-SWNT)CCl2.
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Figure 3.16: Mid-IR spectra (ATR method) of EA-s-s-SWNT and EA-(s-s-SWNT)CCl2.
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Vis-NIR spectroscopy of EA-s-s-SWNT dichlorocarbene reaction products In the VisNIR spectrum of EA-s-s-SWNT(Figure 3.17), the peaks centered at 5428 and 9783 cm-1
are the S11 and S22 interband transitions of the semiconducting SWNTs, respectively.
However, these signals are dramatically decreased in the spectra of EA-(s-sSWMT)CCl2. From the NIR spectra, it is clearly that only ~0.8 atomic% saturation of
carbon atoms in EA-(s-s-SWMT)CCl2 can cause the intensity of both S11 and S22
interband transitions to decreasing about 60%. 2.7 atomic% saturation of carbon atoms
in EA-(s-s-SWMT)CCl2 causes ~90% loss of intensity of S11 and S22 interband
transitions. Compared with that of HiPco SWNTs, the degree of functionalization of EASWNTs is much lower. The reason may be that in the earlier research the starting
material was impure.
Since some carbon atoms on the wall of EA-s-s-SWNT are converted from sp2
hybridization into sp3 hybridization after the sidewall functionalization, the extended π
network is highly perturbed and causes the degradation of the electronic structure. The
same
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Figure 3.17: Solution phase NIR spectra (CS2, 1.0mg/mL, quartz cell, light path 0.1cm,
after baseline correction) of EA-s-s-SWNT(0%); EA-(s-s-SWNT)CCl2(a) (0.8%); EA-(s-sSWNT)CCl2(b) (1.1%); EA-(s-s-SWNT)CCl2(c) (2.7%). The spectra are labeled with the
degree of functionalization (Cl/Cwall)%.
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Stability test of EA-(s-s-SWNT)CCl2 Solution phase NIR is an important tool to study the
effects of chemical modifications on the band gap electronic structure of EA-s-s-SWNT
at molecular level. It is of great importance to prove that the change in NIR spectra of
EA-(s-s-SWNT)CCl2 is due to the dichlorocarbene modification on the sidewall of s-sSWNT. The study of the stability of both EA-s-s-SWNT and EA-(s-s-SWNT)CCl2 to the
reaction conditions has been explored.
In order to test the stability, a sample of EA-s-s-SWNT was refluxed in toluene under
Ar for 24 and 48 hours. The NIR spectra of the recovered EA-s-s-SWNT after refluxing
show no significant change as compared with the starting EA-s-s-SWNT (Figure 3.18),
which indicates that long periods of refluxing in an organic solvent does not change the
electronic structure of the EA-s-s-SWNT products.
The EA-(s-s-SWNT)CCl2 was also refluxed in benzene under Ar for 24 hours. The
band gap structure of the recovered EA-(s-s-SWNT)CCl2 are same as the starting
dichlorocarbene-functionalized EA-s-s-SWNT (Figure 3.19). These results show long
term refluxing of EA-(s-s-SWNT)CCl2 in toluene does not change the NIR spectra of EA(s-s-SWNT)CCl2.
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Figure 3.18: Solution phase NIR spectra (CS2, 1.0mg/mL, quartz cell, light path 0.1cm,
after baseline correction) of the starting EA-s-s-SWNT, the recovered EA-s-s-SWNT
after 24 h and 48h refluxing in toluene, respectively.
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Figure 3.19: Solution phase NIR spectra (CS2, 1.0mg/mL, quartz cell, light path 0.1cm,
after baseline correction) of EA-(s-s-SWNT)CCl2(b) (1.1 Cl/Cwall%) and the recovered
EA-(s-s-SWNT)CCl2(b) after 24 h refluxing in toluene.
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Raman spectroscopy of EA-s-s-SWNT dichlorocarbene reaction products The
perturbation of the extended π network of SWNTs caused by sidewall functionalization
is also reflected by changes to Raman spectra (Figure 3.20). The Raman spectra of EA(s-s-SWMT)CCl2 in solid state show a significant decrease of the radial mode (ωr) and
the tangential mode (ωt). On the other hand, the disorder mode (ωd) of EA-(s-sSWMT)CCl2, which is caused by sp3 hybridized carbon or defects in the SWNTs, has
increased in comparison to the intensity of the tangential mode (ωt). These results
reflect the chemical modification of the band structure brought about by the covalent
bond formation in the dichlorocarbene addition to the sidewall of the EA-s-s-SWNT. It
also suggests that saturation of ~2.7 atomic% of the carbon atoms in the EA-s-s-SWNT
is sufficient to bring about drastic changes in the band electronic structure.
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Figure 3.20: Raman spectra (films on sapphire substrate) of EA-s-s-SWNT (0%); EA-(ss-SWNT)CCl2(a) (0.8%); EA-(s-s-SWNT)CCl2(b) (1.1%); EA-(s-s-SWNT)CCl2(c) (2.7%).
The spectra are labeled with the degree of functionalization (Cl/Cwall)%.
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FIR spectroscopy of EA-s-s-SWNT dichlorocarbene reaction products Figure 3.21
illustrates the spectra of EA-s-s-SWNT and EA-(s-s-SWNT)CCl2 from the FIR to the
ultraviolet region. The EA-s-s-SWNT exhibit the strong FIR absorption characteristic of
a metal, together with the other interband electronic transitions of SWNTs as shown
above. However, upon reaction with dichlorocarbene, oscillator strength is rapidly lost
from the FIR band showing the sensitivity of the metallic properties to the introduction of
defects. With the increase of the atomic% of chlorine in the EA-(s-s-SWNT)CCl2
samples, the intensity of the FIR absorption decreases. These results further confirm
the covalent sidewall chemistry of dichlorocarbene addition to EA-s-s-SWNT.
.
.
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Figure 3.21: IR-vis-UV spectra of the films of EA-s-s-SWNT(0%); EA-(s-s-SWNT)CCl2(a)
(0.8%); EA-(s-s-SWNT)CCl2(b) (1.1%); EA-(s-s-SWNT)CCl2(c) (2.7%). The spectra are
labeled with the degree of functionalization (Cl/Cwall)%, and are normalized at the πplasmon peak (37000 cm-1).
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3.3. Dichlorocarbene Addition to pristine HiPco-SWNTs
Pristine HiPco-SWNTs can be dispersed in organic solvents such as 1,2dichlorobenzene, chloroform, DMF, etc. via sonication,186 and we have therefore also
investigated the dichlorocarbene addition to pristine HiPco-SWNTs. Three different
dichlorocarbene

precursors,

PhHgCCl2Br,

PhHgCCl3,

and

CHCl3/NaOH/

phenyltriethylammonium chloride (PTC), have been used for the comparison of their
effects on the dichlorocarbene addition. The dichlorocarbene functionalized HiPcoSWNTs obtained from different reactions are labeled as HiPco-(I-SWNT)CCl2 (a) (by
using PhHgCCl2Br), HiPco-(I-SWNT)CCl2 (b) (by using PhHgCCl3), and HiPco-(ISWNT)CCl2 (c) (by using CHCl3/NaOH/PTC), respectively.
After purification, full length HiPco SWNT (HiPco-l-SWNT) was dispersed in
dichlorobenzene by sonication. In the reaction using PhHgCCl2Br and PhHgCCl3, the
reaction condition and the workup were the same as the dichlorocarbene addition to
HiPco-s-l-SWNT. For CHCl3/NaOH/PTC a two-phase reaction was employed in which
PTC functioned as phase transfer catalyst (see section 3.4 Experimental).
The NIR spectra of HiPco-l-SWNT and HiPco-(I-SWNT)CCl2 (a-c) are shown in
Figure 3.22. The absorption from the interband transitions of HiPco-l-SWNT is similar to
that of s-l-SWNT. The fine structure of interband transition absorption of HiPco-(ISWNT)CCl2 (a) and (b) is less distinct comparing to that of HiPco-l-SWNT. This loss of
absorption features is caused by perturbation of the extended π network of the sidewall
of HiPco-l-SWNT. On the other hand, the fine structure of interband transition
absorption of HiPco-(I-SWNT)CCl2 (c) does not show significant differences compared
to that of HiPco-(I-SWNT)CCl2. Thus the phase transfer reaction is not so efficient as
the other two reactions, and leads to a low degree of dichlorocarbene functionalization
in HiPco-(I-SWNT)CCl2 (c). Overall, the degree of functionality introduced by the direct
reaction of dichlorocarbene with HiPco-(I-SWNT) is less than that of HiPco-(s-I-SWNT)
as reflected in the changes in the interband transitions.
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Figure 3.22: Solution phase NIR spectra of HiPco-l-SWNT, (solid line), HiPco-(ISWNT)CCl2 (a) (dashed line) (by using PhHgCCl2Br), HiPco-(I-SWNT)CCl2 (b) (dasheddotted line), HiPco-(I-SWNT)CCl2 (c) (dotted line) (by using CHCl3/NaOH/PTC).

210

The Raman spectrum of HiPco-l-SWNT (Figure 3.23, top) displays the radial mode
(ωr=267cm-1), tangential mode (ωt=1650cm-1), and the weak disorder mode (ωd=1250
cm-1). The Raman spectrum of HiPco-(I-SWNT)CCl2 (a) (Figure 3.23, bottom) gives
quite different result in which the disorder mode become much larger and the radial
mode decreases. This change is similar as the dichlorocarbene addition of HiPco-s-lSWNT, which indicates that dichlorocarbene can also add to pristine HiPco SWNT.
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Figure 3.23: Raman spectra of films of HiPco-l-SWNT and HiPco-(l-SWNT)CCl2 (a).
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Conclusion
Dichlorocarbene addition of both functionalized and pristine SWNTs by using the
PhHgCCl2Br precursor has been investigated. Spectroscopic methods, including NIR,
mid-IR, Raman, UV-vis, have been used to investigate the wall chemistry of SWNTs at
the molecular level, which provides the key to the molecular design of new SWNTbased materials. ODA functionalized EA-SWNTs and HiPco-SWNTs have been used in
the dichlorocarbene addition, and soluble HiPco-SWNTs were found to have the highest
functionality of dichlorocarbene (up to 23 atomic%). Vis-NIR spectra of the
dichlorocarbene functionalized SWNTs show a significant decrease in the interband
transitions of the semiconducting SWNTs, and Raman spectra of the dichlorocarbene
functionalized SWNTs show a decrease of radial mode and an increase of disorder
mode. These results indicate that the chemical functionalization of the sidewalls of
SWNTs changes the electronic properties of SWNTs, as a result of the presence of sp3
hybridized carbon atoms within the sidewalls of the SWNTs. Moreover, FIR spectra of
dichlorocarbene functionalized SWNTs show a dramatic decrease in the electronic
transitions at the Fermi level of metallic SWNTs. Bromine doped SWNTs show an
increase in the electronic transition at the Fermi level. This difference in the FIR
spectroscopy can be used to distinguish covalent chemical functionalization and ionic
doping effects of SWNTs. Soluble EA-SWNTs and pristine HiPco SWNTs were also
reacted with dichlorocarbene precursor. According to quantitative Vis-NIR analysis, the
degree of functionalization of these SWNT materials is lower than soluble HiPco
SWNTs.
The dichlorocarbene sidewall functionalized SWNTs allows the systematic study of
the electronic structure of SWNTs. The dichlorocarbene functionalized SWNTs may
have application in nanotube-based copolymers, composites, and biology field.
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3.4. Experimental
Mid-IR spectra were obtained on a Nicolet Magna-IR 560 E.S.P. spectrometer. The
Near-IR (NIR) spectra were obtained on a Varian Cary 500 spectrometer. Raman
spectra were obtained on a Bruker RFS 100/s spectrometer. Atomic force microscopy
(AFM) images were taken on a Digital Instruments nanoscope IIIA (using taping mode).
Scanning electron microscopy (SEM) images were taken on a Philips SEM XL-30
microscope. TGA data were recorded with a Perkin Elmer Instruments, Pyris Diamond
TG/DTA Thermogravimetric/Differential Thermal Analyzer, with a heating rate of
5oC/min in a platinum sample pan under 100 sccm flowing air.
3.4.1. Dissolution of full Length HiPco-SWNTs (HiPco-s-l-SWNTs)
Purification of HiPco-SWNTs: AP-HiPco-SWNTs (300 mg, purchased from CNI) were
heated in a 250 mL flask under wet air at 200 oC for 15 hours with stirring. After heating,
150 mL of concentrated HCl (12M) was added to the flask and sonicated for 15 minutes.
The mixture was diluted with DI-water and filtered through a 1.2 µm pore-size
membrane. The solid was dried on the membrane at room temperature. The weight of
purified HiPco-SWNTs was 246 mg (yield = 80%).
Dissolution of HiPco-SWNTs (HiPco-s-l-SWNT): Purified HiPco-SWNTs (100mg) were
refluxed in 100mL of 3M nitric acid for 24 hours. After cooled to room temperature, the
upper transparent layer was decanted off. The resulted mixture was filtered through 1.2
µm pore-size membrane. The solid was dried on the membrane under room
temperature. The acidified SWNTs (50mg) were dispersed in 50mL of DMF via 15minute sonication. 2mL of oxalyl chloride was added dropwise to the dispersion of
SWNTs at 0oC under Ar and stirred at 0oC for 2 hours. The mixture was then stirred at
room temperature for a further 2 hours. The excess oxalyl chloride was removed by
heating the reaction mixture at 70oC for 16 hours. After cooling to room temperature, the
mixture was filtered through a 0.2µm pore-size membrane and the solid was dried under
vacuum. The dried solid (50mg) was heated with octadecylamine (ODA) (500mg) at
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100oC for 5 days. After being washed with ethanol to remove the excess ODA, the black
solid was treated with THF. The black mixture was then filtered through a coarse filter
paper. The black filtrate was taken to dryness on a rotary evaporator (final weight of
HiPco-s-l-SWNTs: 60mg).
3.4.2. Dichlorocarbene Addition of Soluble Full-length HiPco-SWNTs [HiPco-(s-lSWNT)CCl2 ]
Preparation of phenyl(dichlorobromomethyl)mercury (PhHgCCl2Br): The preparation of
PhHgCCl2Br is followed reported literature procedure.196 In a 250 mL three-necked
flask, PhHgCl (10 gram, 0.032 mol) was dissolved in 40 mL THF. 4 mL of CHCl2Br
(0.048 mol) was mixed with 20 mL THF and added to the three-necked flask contained
PhHgCl solution. The mixture was stirred under N2 at –25oC. Freshly prepared tBuOK/t-BuOH in 40 mL THF was added to the cooled mixture over a 3-4 minutes period.
When the addition was completed, the mixture was stirred for 5 minutes at –25oC. After
the reaction, the solvent was removed under reduced pressure and extracted with two
portions of 160 mL of benzene and one portion of 20 mL of DI-water. The two benzene
layers were combined and the solvent was removed under reduced pressure. The
residue was quickly dissolved in 120 mL of hot hexane/chloroform mixture
(hexane/chloroform =3/1). The warm solution was filtered and the filtrate was cooled
quickly below 0oC. The PhHgCCl2Br product was obtained via filtration and washed with
cold hexane (yield: 59%).
Dichlorocarbene Addition of HiPco-s-l-SWNT [HiPco-(s-l-SWNT)CCl2 (b)]: A mixture of
HiPco-s-l-SWNTs (20mg) with PhHgCCl2Br (500mg) was dissolved in dichlorobenzene.
The solution was stirred at 85oC under Ar for 24 hours. Another portion of PhHgCCl2Br
(500mg) was added and the mixture was reacted at 85oC under Ar for another 24 hours.
The mixture was filtered through a coarse filter paper to remove the resulting precipitate
of PhHgBr. The black-colored filtrate was dried on a rotary evaporator and washed with
acetone. The product was dried at room temperature under vacuum (the final weight of
HiPco-(s-l-SWNT)CCl2 (b): 6 mg, Cl at% = 11 at%).
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3.4.3. Dissolution of Shortened EA-SWNTs (EA-s-s-SWNT)
Shortening of purified EA-SWNTs (EA-s-SWNT): 60 mL of concentrated sulfuric acid
(98%) and 20 mL of concentrated nitric acid (70%) were mixed and added to EASWNTs purified by CFF method (80 mg). The mixture was sonicated for 22 hours at 40
o

C. After sonication, the mixture was diluted with DI-water and filtered through a 1.2 µm

pore-size membrane. The solid was dried on a membrane at room temperature. The
weight of final product was 50 mg and the yield was 63%.
Dissolution of EA-s-SWNT (EA-s-s-SWNT): Purified EA-s-SWNTs (120mg) in 30 ml of
SOCl2 (containing ~2 ml of DMF) were stirred at 70oC for 24 hours. The mixture was
cooled and centrifuged at 2000 rpm for 30 min. After centrifugation, the brown-colored
supernatant was decanted and the remaining solid was washed with anhydrous THF.
After centrifugation, the pale yellow-colored supernatant was decanted and the
remaining black solid was dried at room temperature under vacuum. A mixture of the
resulting SWNTs and excess ODA (1 gram) were heated at 100~110oC for 96 hours.
After cooled to room temperature, the excess ODA was removed by washing with
ethanol several times with sonication. The remaining solid was dissolved in THF, and
after filtration, the black-colored filtrate was taken to dryness on a rotary evaporator.
The resulting black solid was dried at room temperature under vacuum. The yield of EAs-s-SWNT was 60%.
3.4.4. Dichlorocarbene Addition of Soluble Shortened EA-SWNTs [EA-(s-s-SWNT)CCl2]
Dichlorocarbene addition of EA-s-s-SWNTs [EA-(s-s-SWNT)CCl2 (c)]: A mixture of EAs-s-SWNTs (15.0mg) and PhHgCCl2Br (925mg) in 30 ml of toluene was stirred at 80°C
under Ar atmosphere for 27 hours. The mixture was cooled to room temperature and
insoluble PhHgBr was removed by filtration. The brown-black-colored filtrate was taken
to dryness on a rotary evaporator. The resulting black solid was washed well with
acetone and ethanol and was filtered through a 0.2µm pore-size membrane. The final
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product, EA-(s-s-SWNT)CCl2 (c) (8.1 mg of weight), was collected on the membrane
and dried at room temperature under vacuum (54% yield, Cl at% = 2.4 at%).
Stability test of EA-s-s-SWNT: EA-s-s-SWNT (10 mg) dissolved in 25 ml of toluene was
stirred at 80oC under Ar atmosphere for 24~48 hours. The solution was cooled to room
temperature and was filtered through a membrane (pore size 0.2µm). The black-colored
filtrate was taken to dryness on a rotary evaporator. The black solid was dried at room
temperature under vacuum to give a total EA-s-s-SWNT weight of 8.7mg.
Stability test of EA-(s-s-SWNT)CCl2: EA-(s-s-SWNT)CCl2 (4 mg) dissolved in 8 ml of
toluene was stirred at 80oC under Ar atmosphere for 24 hours. The solution was cooled
to room temperature and was filtered through a membrane (pore size 0.2 µm). The
brown-black-colored filtrate was taken to dryness on a rotary evaporator. The recovered
EA-(s-s-SWNT)CCl2 as black solid dried at room temperature under vacuum (weight:
3.3 mg).
3.4.5. Dichlorocarbene Addition of Pristine HiPco-SWNTs [HiPco-(l-SWNT)CCl2]
[HiPco-(I-SWNT)CCl2 (a)]: Purified HiPco SWNT (30 mg) was sonicated in 60 mL of
dichlorobenzene under argon for 1.5 hours. PhHgCCl2Br (500mg) was added to the
resulted suspension and the mixture was stirred at 80oC under argon for 24 hours. A
further portion of PhHgCCl2Br (300mg) was added to the mixture and stirred for another
24 hours. Then a final portion of PhHgCCl2Br (500mg) was added to the mixture and
stirred for another 24 hours. After cooled to room temperature, the mixture was filtered
through a coarse filter paper to remove the resulting PhHgBr solid. The black-colored
filtrate was dried on a rotary evaporator and washed with acetone. The product was
dried at room temperature under vacuum (final weight of HiPco-(I-SWNT)CCl2 (a): 42
mg).
[HiPco-(I-SWNT)CCl2 (b)]: Purified HiPco SWNT (25 mg) was sonicated in 75 mL of
dichlorobenzene under argon for 6 hours. PhHgCCl3 (1.66 gram) was added to the
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suspension and the mixture was stirred at 90oC under argon for 48 hours. After cooling
to room temperature, the mixture was filtered through a coarse filter paper to remove
the resulting solid PhHgBr. The black-colored filtrate was dried on a rotary evaporator
and washed with acetone. The product was dried at room temperature under vacuum
(final weight of HiPco-(I-SWNT)CCl2 (b): 41 mg).
[HiPco-(I-SWNT)CCl2 (c)]: Purified HiPco SWNT (50 mg), 20 mL of chloroform, 100 mL
of water, and phenyltriethylammonium chloride (100 mg) were sonicated under argon
for 3 hours. The mixture was stirred under argon for 44 hours. Sodium hydroxide (20
gram), 400 mL of chloroform, and phenyltrethylammonium chloride (100 mg) were
added to the mixture during the first 2 hours. Then a second portion of sodium
hydroxide (20 gram), 400 mL of chloroform, and phenyltriethylammonium chloride (100
mg) were added during the following 2 hours. The mixture was stirred at 70oC under
argon for 24 hours. After cooling to room temperature, the mixture was poured into a
mixture of 100 mL of chloroform and 200 mL of deionized water. Then the mixture was
filtered through a 1.0 µm pore-size membrane, the product was collected on the
membrane and dried under vacuum overnight (final weight of HiPco-(I-SWNT)CCl2 (c):
55 mg).
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Chapter Four
Effects of Chemically Functionalized MWNTs
and SWNTs on Neuronal Growth
Background
Recently, there has been an intense interest in exploring the biological application of
carbon nanotubes (CNTs) both at molecular and cellular level. The studies of CNTs
interfacing them with biology were mainly focused on the interactions of CNTs and
biological molecules, such as DNA,197,198 peptides152 and proteins (e.g., streptavidin
and feritin).113,150 CNTs were found to be cytocompatible.151,199 For example, when
glucose oxidase molecules were attached to CNTs, they preserved their enzymatic
activity.199 On the other hand, the studies of interaction between CNTs and living
mammalian cells are still limited. Mattson et al.154 demonstrated the feasibility of using
CNTs as a substrate for neuronal growth. Figure 4.1 shows the structure of a neuron
cell. The authors found that neurons grown on unmodified multi-walled carbon
nanotubes (MWNTs) extended their processes (neurites) while they had more
elaborated neurites and their branching when grown on MWNTs coated by
physisorption of the bioactive molecule, 4-hydroxynonenal. This work suggested the
biocompatibility of CNTs as a substrate for neurons. One ramification of this study is
that CNTs could potentially be used for neural prosthesis. Namely, CNTs are not
biodegradable, and as such they could be used as implants where long-term
extracellular molecular cues for neurite outgrowth are necessary, such as in
regeneration after spinal cord or brain injury. There, CNTs could serve as an
extracellular scaffold to guide directed neurite outgrowth governed by their tips, growth
cones, and also to regulate neurite branching; both of these processes could lead to the
re-establishment of intricate connections between neurons and the formation of
synapses. However, besides CNT’s cytocompatibility and durability, it would be
important to demonstrate that the ends of CNTs can be chemically modified in a defined
manner to control neurite outgrowth and branching, rather than relying on
physiosorption, which may exhibit transient retention of attached molecules to the CNTs.
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To address this issue, in this chapter, the effects of chemically functionalized MWNTs
and SWNTs on neuronal growth have been discussed.200 The end functionalized
MWNTs were used as a permissive substrate for neuron growth. The water soluble
functionalized SWNTs were used as culture medium for neuron growth. It is found that
this manipulation at the surface on CNTs can be used to successfully control
characteristics of neurite outgrowth.
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Figure 4.1: Structure of a neuron cell.
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4.1. Chemical Functionalization of MWNTs and SWNTs
MWNTs were produced by chemical vapor deposition and SWNTs were produced by
the electric arc method. The chemical functionalization of both MWNTs and SWNTs are
illustrated in Scheme 4.1. The pristine MWNTs were first refluxed in 3M nitric acid for 24
hours. This acid refluxing treatment removes the metal catalyst residues in CNTs
samples and opens the end caps of the CNTs and leaving them terminated with
carboxylic acid functional groups.65,156-158,160 The carboxylic acid-functionalized
MWNTs (MWNT-COOH) were then reacted with oxalyl chloride to form an acyl chloride
intermediate. Finally ethylenediamine (EN) and poly(aminobenzene sulphonic acid)
(PABS) were reacted with the acyl chloride form of MWNTs to form MWNT-EN and
MWNT-PABS via an amidation reaction. In the chemical functionalization of SWNTs,
the starting purified SWNTs with carboxylic acid groups at the open ends (SWNTCOOH) are obtained from Carbon Solutions, Inc. After the same conversion of
carboxylic acid groups to acyl chloride groups, PABS and polyethylene glycol (PEG)
were reacted separately with SWNTs to form SWNT-PABS201 and SWNT-PEG via
amidation or esterification reaction. Both SWNT-PABS and SWNT-PEG have good
solubility in water.
Mid-IR spectroscopy was used to characterize the functional groups that were
covalently attached to MWNTs (Figure 4.2) and SWNTs (Figure 4.3). Semitransparent
films for the spectral measurements were prepared by spraying dispersions of CNTs in
ethanol on the heated optical substrates (ZnSe). In the spectra shown in Figure 4.2, the
peaks at 1640-1645 cm-1 are assigned as the amide carbonyl group vibration (νC=O amide).
Mid-IR spectrum of SWNT-PABS also shows the amide carbonyl vibration (νC=O amide =
1649 cm-1), whereas Mid-IR spectrum of SWNT-PEG shows the ester carbonyl vibration
(νC=O ester = 1740 cm-1) (Figure 4.3).
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Scheme 4.1: Chemical functionalization of MWNTs and SWNTs.

223

C n
H2

110
105

MWNT-COOH

Transmittance (%)

100
95

MWNT-EN
100

1645

95

MWNT-PABS
100

1640

95
3000

2500

2000

1500

1000

-1

Wavenumber (cm )

Figure 4.2: Mid-IR spectra of chemically functionalized MWNTs. The peaks at 16401645 cm-1 in the spectra of MWNT-EN and MWNT-PABS are attributed to the amide
carbonyl vibration.
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Figure 4.3: Mid-IR spectra of chemically functionalized SWNTs. The peak at 1706 cm-1
(SWNT-COOH) is attributed to the carboxylic acid carbonyl vibration. The peaks at 1650
cm-1 (SWNT-PABS) and 1738 cm-1 (SWNT-PEG) are attributed to the amide carbonyl
vibration and ester carbonyl vibration, respectively.
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4.2. Application of MWNTs as Permissive Substrates for Neuron Growth
(I acknowledge Yingchun Ni, Vedrana Montana, and Vladimir Parpura for their
collaboration on neuronal growth and analysis.)
We investigated the effects of pristine and functionalized MWNTs as a substratum for
neuron growth. We produced three different MWNT modifications that, at the
physiological pH of 7.35 used to grow neurons, exhibit differential surface charges
ranging from negatively charged MWNT-COOH (MWNT-COO- M+), neutral, zwitterionic
MWNT-PABS to positively charged MWNT-EN (MWNT-CO-NH-CH2CH2-NH3+X-).
MWNT samples were sprayed and dried on polyethyleneimine (PEI) coated glass
coverslips. The pre-coating of glass coverslips with PEI was necessary, because the
MWNT films formed on the clean glass coverslips had short retention times (minutes to
hours) when exposed to aqueous culture medium, resulting in their peeling-off and
floating on the culture medium. The MWNT/PEI coated coverslips were then ready for
cell culture. The procedure is illustrated in Figure 4.4.
Hippocampal neuronal cultures were prepared from 0- to 2- day-old Sprague-Dawley
rats using a previously described procedure.202 Briefly, hippocampal tissue was
dissected from the brain. After pre-treatment (see section 4.4 Experimental), tissue was
plated onto the PEI- or MWNT-coated coverslips. We examined fixed neurons that we
subjected to scanning electron microscopy (SEM) to confirm the attachment of neurons
to the MWNTs as previously described (Figure 4.5 A-B).154 AP-MWNTs were
permissive substratum for neuronal growth (Figure 4.5 A-B). Neurons on nanotubes
grew at least one week in culture, indicating that AP-MWNTs tubes may support longterm neuronal survival. This is consistent with previous work utilizing fixed neuronal
cultures.154
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Figure 4.4: Schematic diagram of coverslip preparation and cell culture.
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The living neurons were studied using differential interference contrast (DIC) and
fluorescence microscopy. Neurons were identified based on their morphology, and in
some experiments we used neuron-specific tags to confirm their morphological
identification. Hence, neurons were labeled with FITC-conjugated C fragment of tetanus
toxin as previously described.203 We found that all neurons grown on a standard
permissive substratum, PEI (the number of neurons studied n=39), and on AP-MWNTs
(n=20), which we morphologically identified as neuronal cell type, also showed positive
staining with CFITC (Figure 4.5 C and D). Consequently, in all subsequent experiments
we used a morphological identification to study live neurons.
To test neuronal viability in cultures, we incubated neurons grown on PEI (positive
control) or MWNTs with acetoxymethyl ester of calcein (1 µg/mL) in the presence of
Pluronic F127 (0.025%) for 20 minutes at 37°C.204 After wash we examined neurons
under the fluorescent microscope to determine their viability, as indicated by their ability
to accumulate a vital stain (calcein). We found that all neurons examined on PEI (n=45)
and on MWNTs (n=152) accumulated dye, indicating their viability (Figure 4.5. E-F).
After the initial evaluation of the cytocompatibility of MWNT, we studied
permissiveness of AP-MWNTs to neuronal growth as compared to PEI, a known wellpermissive substrate for neuronal growth. We found that, although AP-MWNTs are not
as permissive a substrate as PEI, they allowed neuronal growth, characterized by the
presence of growth cones, neurite outgrowth and branching (Figures 4.5 C-F). APMWNTs reduced the initiation of neurite outgrowth as characterized by the reduction in
the numbers of growth cones and neurites per neuron (Figure 4.6, top), as well as in the
neurite branching (Figure 4.6, bottom). Interestingly, we found no difference in the
average neurite length when comparing measurements originating from neurons grown
on AP-MWNTs with those grown on PEI (Figure 4.6, middle; Student t-test, p>0.3),
indicating that MWNTs did not affect the length of neurites that succeeded in their
outgrowth.
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Figure 4.5: Microscopy analysis of MWNTs as permissive substrates for neurons. Both
poly-ethyleneimine (PEI; positive control, left column images) and AP-MWNTs (right
column images) support neuronal viability and permit neurite outgrowth. A-B) SEM
images of neurons grown on PEI (A) and AP-MWNTs (B). C-D) morphologically
identified living neurons were positively stained with a neuronal marker, FITCconjugated C-fragment of tetanus toxin. E-F) are fluorescence images showing live
neurons, which accumulate a vital stain, calcein. Arrows indicate growth cones. Scale
bar: 20 µm, except 10 µm in B). The printed images do not completely represent the
statistical results of branches counted directly under the microscope (Figure 4.6).
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Next we tested whether the surface charge of the MWNTs can modulate the neurite
outgrowth and branching. To address this issue we grew neurons on MWNTs that had
been chemically modified as outlined in Scheme 4.1. SEM examination suggests that
neurons grew well on any of these substrates (Figure 4.7 A-C).
To evaluate a potential modulatory effect of the charges, we imaged live neurons
accumulating calcein (Figure 4.7 D-F), and quantified several different parameters
regarding the neurite outgrowth (Figure 4.8). Although we found no difference between
the number of neurites per neuron when these cells where grown on differently
functionalized MWNTs (Figure 4.8, top; one-way ANOVA, p>0.9), the average length of
neurites was longer when the neurons where plated onto positively charged MWNT-CONH-CH2CH2NH3+, rather than on zwiterrionic MWNT-CO—(NHC6H3SO3--NH2+C6H3SO3)n— or negatively charged MWNT-COO- (Figure 4.8, middle). Previous studies indicated
that substrate qualities play a role in the process of growth cone motility and neurite
branching.154,205 We found that neurons grown on MWNT-PABS or MWNT-EN
showed a higher number of growth cones than those neurons grown on MWNT-COOH
(Figure 4.8, top), indicating that negatively charged surfaces are ineffective in promoting
the initiation of the growth cones.
Branching of neurites showed a graded dependency of MWNT charge in the order
MWNT-EN > MWNT-PABS > MWNT-COOH (Figure 4.8, bottom), suggesting that by
using chemically modified MWNTs we can control the neurite branching. This control on
branching could be attributed to the charge on the different types of chemical
functionalities attached to MWNTs. In the culture medium (pH = 7.35), the carboxylic
groups on MWNT-COOH are deprotonated (pKa ~4.5) resulting in negatively charged
MWNT-COO-, while MWNT-CO-NH-CH2CH2NH3+ are positively charged due to the
higher pKa of the amine groups (pKa~10). MWNT-PABS, containing both amine and
sulphonic groups, are nearly zwitterionic, being electro neutral, at pH 7.35, and,
therefore, having similar effects on neurite outgrowth as those seen when neurons were
plated on AP-MWNTs (compare Figures 4.6 and 4.8).
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A

MWNT-COOH

D

B

MWNT-PABS

E

C

MWNT-EN

F

Figure 4.7: Microscopy analysis of Chemically-functionalized MWNTs as permissive
substrates for neuron growth. A-C) SEM images of neurons growing on different
chemically functionalized MWNTs. D-F) Fluorescent images of live neurons,
accumulating calcein, which grow on different chemically-functionalized MWNTs. Scale
bar: 20 µm, except 10 µm in A-B. The printed images do not completely represent the
statistical results of branches counted directly under the microscope (Figure 4.8).
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Figure 4.8: Parameters of neurite outgrowth for neurons grown on chemically
functionalized MWNTs. Black bars represent values for left ordinates, while open bars
indicate values for right ordinates. Bars represent means + standard error of the mean.
Numbers in parenthesis indicate the number of neurons studied in each condition (n).
Asterisks indicate significant difference in measurements after one-way ANOVA
followed by the Fisher’s Least Square Difference test for multiple comparisons (* p<0.05,
** p<0.01).
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We systematically varied the chemical functionalization of CNTs as substrates for
neuronal growth. The results show that the surface charge of MWNTs can be used to
control the neurite outgrowth as characterized by the presence of more numerous
growth cones, longer average neurite length and elaborate neurite branching when we
compared measurements for neurons grown on negatively charge MWNTs as opposed
to neutral or positively charged MWNTs (Scheme 4.2). The culturing method where we
grew neurons on MWNTs contrasts with the most commonly used method in which
neurons are grown on a flat substrate that has no resemblance to the cellular surfaces
and extracellular matrix (ECM) that neurons encounter in the brain. MWNTs possess
diameters (~100 nm) and aspect ratios that are similar to those of small nerve fibers.
Thus, chemical functionalization of MWNTs with different molecules will allow us to gain
knowledge on the characteristics of cellular and ECM’s molecular cues for neurite
outgrowth similar to those found in the brain. Further, because one can produce
nanotubes in semiconducting and metallic form, it will become possible to interface
nanotubes and neurons for electrophysiological and amperometric analyses of neuronal
circuits. The ability to chemically modify MWNTs in order to control the neurite
outgrowth could be implemented clinically, especially in cases where long-term
presence of outgrowth modulation in necessary. This approach using MWNT
prostheses has advantages over presently used growth substrates, since CNTs offer
morphology reminiscent of neuronal process, long-term durability, inertness and
functionalization. Hence, they could be used as scaffolding for the formation of
functional neuronal circuits. Some of the future investigations will be conducted to
assess the establishment of synaptic transmission between neurons grown on
patterned and/or chemically modified CNTs as a substrate.
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MWNT-COO-

MWNT-CO—(NHC6H3SO3--NH2+C6H3SO3-)n—

MWNT-CO-NH-CH2CH2NH3+

Scheme 4.2: Schematic summarizing of the effects of MWNTs charges on the neurite
outgrowth and branching.
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4.3. Application of SWNTs in Culture Medium for Neuron Growth
Previous work on the application of carbon nanotubes in neuroscience research
made use of MWNTs.154 Since MWNTs possess diameters (~100 nm) and aspect
ratios that are similar to those of small nerve fibers, MWNTs were used as a scaffold for
the growth of neuronal processes. On the other hand, it is also necessary to deploy
suitable materials at the local site of nerve injury to enhance outgrowth of selected
neurites, thus increasing their chances of “bridging” the injured site.
SWNTs have unique structural, electrical and mechanical properties. The method of
their chemical functionalization91,92,183,201 makes SWNTs a candidate for biological
applications where dissolution is a requirement. Therefore, we prepared water soluble
SWNTs that we applied to the culture medium in order to study the effect on neuronal
growth. We found that this treatment caused the extension of neurite lengths in selected
neurites, indicating a potential future use of such SWNTs for local applications at the
site of nerve injury to encourage nerve regeneration.
Two types of water soluble SWNTs, SWNT-PABS and SWNT-PEG, were
synthesized as described above. SWNT-PABS (Figure 4.9 a) had diameters (average
diameter: 4.2 nm) and lengths (average length: 1 µm) that were similar to those
dimensions recorded in SWNT-PEG (Figure 4.9 b; diameter range 2-11 nm, and length
range 0.1-2.2 µm).
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(a)

(b)

Figure 4.9: AFM images of SWNT-PABS (a) and SWNT-PEG (b).
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We treated neuronal cultures with these water soluble SWNTs. Hippocampal
neuronal cultures were prepared from 0- to 2- day-old Sprague-Dawley rats using
previously described procedures. Briefly, following enzymatic treatment and trituration of
hippocampal tissue, cell suspensions were applied onto the PEI (1 mg/mL) -coated
coverslips, that were inlayed into culture dishes. We applied to the medium (1 mL)
SWNT-PABS and SWNT-PEG at 1:1000 dilution (1 µL), yielding their final
concentrations at 0.1 µg/mL or 1.0 µg/mL. In control dishes we applied the SWNTs’
vehicle (1 µL of distilled water) instead of nanotubes. Cultured cells were maintained in
a humidified 5%CO2/95% air incubator at 37°C for 3 days in the experiments.
The living neurons were studied at room temperature using light microscopy (Figure
4.10). As with the experiments on MWNTs, neurons were identified based on their
morphological features using DIC. We found that all neurons, in control (n=10) as well in
dishes treated with water soluble SWNT-PABS (0.1 µg/mL and 1 µg/mL, n=10 for each
concentration) or SWNT-PEG (0.1 µg/mL and 1 µg/mL, n=10 for each concentration),
which we morphologically identified as neuronal cell type, showed positive staining with
CFITC (Figure 4.10, left column). Therefore, in all subsequent experiments we used a
morphological identification to study live neurons.
To test for the neuronal viability in cultures, we incubated neurons with acetoxymethyl
ester of calcein (1 µg/mL, Molecular Probes) in the presence of Pluronic F127 (0.025%,
Molecular Probes) for 20 minutes at 37°C.204 After wash we examined neurons under
the fluorescent microscope to determine their viability, as indicated by their ability to
accumulate a vital stain (calcein). We found that all neurons examined in control
condition (n=61) and also neurons treated with water soluble SWNTs (n=144)
accumulated dye, indicating their viability, and the biocompatibility of SWNTs (Figure
4.10). In a subset of experiments we kept neurons in culture for over a week, and found
them surviving the treatment with SWNT. In these experiments, we slightly modified our
culturing procedure by adding 1-β-D-arabinofuranosyl-cytosine to cultures after 3 days
to suppress the proliferation of non-neuronal cells.
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A
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F
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SWNT-PABS
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SWNT-PEG
0.1 µg/mL

H
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SWNT-PABS
1 µg/mL
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SWNT-PEG
1 µg/mL

J

Figure 4.10: Microscopy analysis of chemically functionalized water soluble SWNTs
added to the culture medium support neuronal survival and neurite outgrowth. Left)
Morphologically identified live neurons are labeled with FITC conjugated C-fragment of
tetanus toxin (CFITC). Right) Fluorescent images of live neurons, accumulating a vital
stain, calcein. Arrows indicate growth cones. Scale bar, 20 µm. The printed images do
not completely represent the statistical results of branches counted directly under the
microscope (Figure 4.11).
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It has previously been demonstrated that MWNTs are a permissive substrate for
neuronal growth, characterized by the presence of growth cones, neurite outgrowth and
branching in neurons grown on top of MWNTs.154,200 In contrast, here, we grew
neurons on a well characterized permissive substrate PEI,203,206-208 while adding
soluble SWNT to the culture media. To evaluate the potential modulatory effect of the
water soluble SWNTs to the neuronal growth and neurite outgrowth, we quantify several
different parameters regarding the neurite outgrowth based on images of live neurons
loaded with calcein (Figure 4.10 and 4.11).
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Figure 4.11: Parameters of neurite outgrowth for neurons grown in medium
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We found that addition of SWNT graft copolymers at 0.1 µg/mL concentration did not
affect any of the parameters studied. When we increased the concentration of soluble
SWNTs to 1 µg/mL, however, we found a decrease in the number of neurites per
neuron in treated cells (Figure 4.11, top; two-way ANOVA followed by Fisher’s least
significant difference (LSD) test, p<0.01). Further, there was no significant change in the
total neurite length per neuron due to simultaneous increase of the average length of
neurites (Figure 4.11, middle; Fisher’s LSD test, p<0.01). Thus, neurons treated with
SWNT graft co-polymers at 1 µg/mL have sparser, but longer neurites (Scheme 4.3),
indicating that the length of a selective population of neurites is enhanced by SWNTs.
Previous studies suggested that substrate qualities play a role in the process of
growth cone motility and neurite branching.154,205 We observed that neurons grown
on PEI regardless of the treatment with SWNTs showed similar number of neurite
branches (Figure 4.11, bottom; p>0.77), a finding that is in agreement with the notion
that the contact with the substrate dictates these morphological features. Interestingly,
we found that the higher concentration of SWNTs co-polymers (1 µg/mL) reduced the
number of growth cones (Figure 4.11, top; Fisher’s LSD test; p<0.05 for SWNT-PABS,
and p<0.01 for SWNT-PEG). This is perhaps consistent with the SWNTs’ effect on the
increase of the neurites length, because the longer neurites might have reached their
target neurons at day 3 in culture. If so, that could initiate synaptic formation and
retrieval of growth cones, although this hypothetical scenario remains to be established.
Consequently, it will be important to launch an investigation to test the time sequence of
synaptic formation and synaptic protein distribution209 in SWNT-treated neurons.
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culture medium with
SWNT-PABS or
SWNT-PEG

control

Scheme 4.3: Schematic summarizing of the effects of SWNTs on the neurite outgrowth
and branching.
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Conclusion
We applied water soluble SWNT graft copolymers to the neurons growth culture with
limited concentration. The results showed the biological compatibility of SWNT graft
copolymers with neurons as indicated by cellular viability. These graft copolymers
modulated neurite outgrowth by reducing the number of neurites, but increasing their
lengths. This indicates the exciting possibility that SWNTs could be used at the local
site of nerve injury to enhance outgrowth of selected neurites, thus increasing their
chances of “bridging” the injured site. Indeed, prior to a possible application in nerve
regeneration it would be advantageous to define the mechanism underlying SWNTinduced increased neurite length. Previous studies reported that Ca2+ influx can
regulate neurite elongation.210-212 Therefore, it is possible that the neurite outgrowth
enhancing effect of SWNTs involves changes in intracellular Ca2+ homeostasis. Future
carefully designed studies on intracellular Ca2+ homeostasis will need to be executed to
address this question.
In conclusion, chemically functionalized MWNTs and soluble SWNTs were used as
substratum or as a soluble component of the culture medium for neuron growth. In both
cases, carbon nanotubes show high cytocompatibility with neuron cells. The results
show that the surface charge of MWNTs can be used to control the neurite outgrowth as
indicated by the presence of more numerous growth cones, longer average neurite
length and elaborate neurite branching when we compared measurements for neurons
grown on negatively charge MWNTs as opposed to neutral or positively charged
MWNTs. The graft copolymers, PABS and PEG, when chemically attached to SWNTs,
modulated neurite outgrowth by reducing the number of neurites, but increasing their
lengths. Future research in this field will be focused on the control of the direction of
neuron growth, by use of well-aligned carbon nanotubes to control the growth direction
of neuron cells.
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4.4. Experimental:
4.4.1. Chemical Functionalization of MWNTs and SWNTs
Chemical functionalization of MWNTs: AP-MWNTs (100 mg) were refluxed in 100 mL of
3 M nitric acid for 24 hours. The black mixture was filtered through a membrane (pore
size 1.2 µm). The resulted acidified MWNTs (MWNT-COOH) after dried on membrane
was 90 mg. MWNT-COOH (90 mg) were dispersed in 100 mL of dimethylformamide
(DMF) by a 15-minute sonication treatment. Oxalyl chloride (0.4 mL) was added, dropwise, to the dispersion of MWNTs at 0oC under nitrogen atmosphere. The mixture was
stirred at 0oC for 2 hours, and then at room temperature for 2 hours. Excess of oxalyl
chloride was removed by heating the reaction mixture at 70oC for 16 hours under
nitrogen atmosphere. The MWNT-COCl sample was collected by filtration through a
membrane (pore size 0.2µm) and dried under vacuum.
The intermediate, MWNTs-COCl, was further functionalized with either poly-maminobenzene sulphonic acid (PABS) (MW 500~600) or ethylenediamine (EN). PABS
was synthesized as previously described.201,213,214 MWNT-COCl (12 mg for each
reaction) was reacted in DMF (20 mL) with either PABS (100 mg) or EN (100 mg) at
100oC for 5 days. The mixture was filtered through a membrane (1.2 µm pore-size), and
rinsed with 95 % ethanol (DMF) and distilled water (95 % ethanol), to remove the
excess of PABS (EN). The black solid MWNTs-PABS or MWNTs-EN samples were
collected on membranes and dried under vacuum overnight (final weight of product:
MWNT-PABS 40 mg, MWNT-EN 20 mg).
Chemical functionalization of SWNTs: Oxalyl chloride (4 mL) was added drop wise to
the dispersion of SWNT-COOH (100mg) in DMF (100 mL) at 0oC under nitrogen
atmosphere. The mixture was stirred at 0oC for 2 hours, and then at room temperature
for 2 hours. At that time, the reaction mixture was heated at 70oC for 16 hours to
remove the excess oxalyl chloride. The resulting SWNT-COCl were collected by
filtration through a membrane (pore size 0.2µm) and dried under vacuum. This
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intermediate (20 mg for each reaction) was functionalized with either PABS (200 mg)
(MW 500~600) or poly-ethylene glycol (PEG, 200 mg) (MW 600) to form the
corresponding graft copolymers (Zhao and Haddon, unpublished results). The
functionalization of SWNTs was carried out at 100oC for 5 days in DMF. After that, the
mixture was filtered through a membrane (pore size 1.2 µm) and rinsed with ethanol
(95%) and then with distilled water to remove the excess of either PABS or PEG. The
resulting final product, SWNT-PABS (final weight 60 mg) or SWNT-PEG (16 mg), was
collected on the membrane, dried under vacuum overnight, and then redisolved in
distilled water as 0.1 mg/mL or 1 mg/mL stock solutions, or is some cases dispersed in
ethanol (95%).
4.4.2. Chemically functionalized CNTs for neuron growth
(I acknowledge Yingchun Ni, Vedrana Montana, and Vladimir Parpura for their
collaboration on neuronal growth and analysis.)
Preparation of MWNT coated coverslips: The AP-MWNTs and chemically functionalized
MWNT samples were separately dispersed by sonication in ethanol (95%) for 30
minutes and then sprayed onto heated (65~75oC) glass coverslips (round, 12 mm in
diameter) that had been coated with a thin layer of PEI. After the evaporation of ethanol,
the MWNTs formed films on the surface of the PEI-coated glass coverslips. MWNTcoated glass coverslips were then inlayed into culture dishes (round, 35 mm in diameter)
and sterilized under UV light, followed by application of culture medium to the
dishes/coverslips prior to their use for neuronal growth.
Cell culture: Hippocampal neuronal cultures were prepared from 0- to 2-day-old
Sprague-Dawley rats using a previously described procedure.202 Briefly, hippocampal
tissue was dissected out from the brain and enzymatically treated with papain (20 IU/ml,
Sigma) for 1 hour at 37°C, which activity was terminated by incubation with trypsin
inhibitor (10mg/ml, type II-O, Sigma) for 5 minutes at room temperature. Tissue was
triturated using a fire-polished glass pipette, and resulting cellular suspension was
plated onto the PEI- or MWNT-coated coverslips. Cultured cells were maintained in a
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humidified 5%CO2/95% air incubator at 37°C in minimum essential medium (MEM,
Gibco) supplemented with heat-inactivated fetal bovine serum (10% v/v; Hyclone),
Mito+ serum extender (0.1% v/v, Collaborative Biomedical Products), D-glucose (20 mM,
Sigma), L-glutamine (2 mM, Gibco), sodium pyruvate (1 mM, Gibco), penicillin (100
IU/mL), streptomycin (100 µg/mL) and sodium bicarbonate (14 mM, Gibco). Mitotic
inhibitor, 1-β-D-arabinofuranosyl-cytosine (5 µM; Sigma), was added to cultures after 3
days to suppress the proliferation of non-neuronal cells.
Electron microscopy study: For scanning electron microscopy (SEM) analysis, cultured
neurons were fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer for 1
hour at room temperature. The coverslips were washed with 0.1 M sodium cacodylate
three times. Neurons were then incubated with 1% osmium tetroxide in 0.1% sodium
cacodylate for 1 hour at room temperature followed by washing. Samples were
dehydrated by the increased concentrations of ethanol (30%, 50%, 70%, 80%, 95% and
100%), critical-point dried, and then coated with a thin layer of gold/palladium prior to
examination and imaging using a Philips SEM XL30 microscope.
Fluorescence microscopy study: In these experiments, performed at room temperature,
we examined cells at day 3 in culture by using a microscope (Nikon TE300) equipped
with wide-field epifluorescence illumination from a xenon arc lamp (100 W) and a
standard FITC/fluorescein filter set (Chroma Technology Corp., Rockingham, VT).
Images were captured using a 60 x Plan Apo objective and a CoolSNAP®-HQ cooled
charge-coupled device (CCD) camera (Roper Scientific Inc., Tucson, AZ) driven by V++
imaging software (Digital Optics Ltd., Auckland, New Zealand). To reduce photobleaching, we inserted in the excitation pathway an electronic shutter (Vincent
Associates, Rochester, NY) that was controlled by software.
Preparation of SWNTs aqueous solutions: 1.0 mg of SWNT-PABS or SWNT-PEG were
sonicated in 1.0 mL of DI-water for 30 minutes. The resulted homogeneous solutions
will be diluted and used for cell culture.
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Cell culture: Hippocampal neuronal cultures were prepared from 0- to 2- day-old
Sprague-Dawley rats using previously described procedures.202,203 Briefly, following
enzymatic treatment and trituration of hippocampal tissue, cell suspension was applied
onto the poly-ethyleneimine (PEI; 1 mg/mL) -coated coverslips, that were inlayed into
culture dishes. After 3 hours of incubation to allow for neuronal adhesion, fresh culture
medium, consisting of minimum essential medium supplemented with heat-inactivated
fetal bovine serum (10% v/v), Mito+ serum extender (0.1% v/v, Collaborative Biomedical
Products), D-glucose (20 mM), L-glutamine (2 mM), sodium pyruvate (1 mM), penicillin
(100 IU/mL), streptomycin (100 µg/mL) and sodium bicarbonate (14 mM), was applied
to dishes. At that juncture, 1 mL of SWNT-PABS and SWNT-PEG at 1:1000 dilution (1
µL) was applied to the medium, yielding their final concentrations at 0.1 µg/mL or 1.0
µg/mL. In control dishes we applied SWNTs’ vehicle (1 µL of distilled water) instead of
nanotubes. Cultured cells were then maintained in a humidified 5%CO2/95% air
incubator at 37°C for 3 days when used in experiments. The Fluorescence microscopy
study is the same as described in the experiments using MWNTs as substrates for
neuronal growth.

Copyright © Hui Hu 2004
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APPENDICE
ABBREVIATIONS
AFM
AP
CFF
CNTs
CVD
DMF
DOS
EA
EDS
EN
FET
FIR
HiPco
HNE
HPLC
LO
MWNTs
NIR
ODA
PABS
PEG
PEI
SWNTs
TEM
TGA

Atomic force microscopy
As-prepared
Cross-flow filtration
Carbon nanotubes
Chemical vapor deposition
dimethylformamide
Density of states
Electric arc
Energy dispersive X-ray spectroscopy
ethylenediamine
Field-effect transistor
Far-infrared
High-pressure carbon monoxide
hydroxynonenal
High performance liquid chromatograph
Laser ablation
Multi-walled carbon nanotubes
Near-infrared
octadecylamine
Poly (m-aminobenzene sulfonic acid)
Poly ethylene glycol
Poly ethyleneimine
Single-walled carbon nanotubes
Transmission electron microscopy
Thermogravimetric analysis
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